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PREFACE ^. ^ 

^ A symposiud on "Thermal Analysis - 'Human Comfort - Indoor Environments*' \^ held* at 
^he National Bureau of Standards, Gaithg"Vsburg, -Md.,' February 11, 1977. The symposium was 
* sponsored by the National Bureau of Standards .and co-chaired by Dr. B. W. Mangum, Institute 
•for Basic Standards and Dr. T. E. HJ^ll, Ihajj-tute for 'Applied Technology. 

The symposium was promptefd by the increasing emphasi'& on energy conservation practices 
in existing buildings as well as new building designs that emphasize energy conservation. 
Some of the practJLces have no effect on t\\e thei^nal ponTfort. of t)ccupants. Others, such as . 
limiting the use of both' cooling and installed capacity,. of heati'ng, ventilating, and air 
ct)nditionin^ equipnflrfl, loWer thermostat settiAgs'*Ln winteri higher thermostat settings in 
'Summer, and eliminating climate control in haj.ls, entryways,, and storerooms may 'have an 
adverse effect on occupants, however, £ ^ 

■Jhe purpose of the symposium was to bring together leading scientists,, engineers, - 
architects, physiologists, and government officials who were interested in how new energy 
conservation strategies in buildings will affect human comfort. The symposium*wa« success- 
ful in identifying and ^reviewing the vast amount of research work done dn this field over 
the past^ fifty years. ^ In addition, material on new and current^ research was presented as 
well as some spetific suggestions for 'work that. should be undertaketi in the near future. 
It is hoped that the proceed5:ngs will stimulate a desire on t>he part of government organi- 
zations con'ducting major research programs to recognize the need for additional research in 
this fieldr . t . ' ' . - 

The proceedings of the conference ' reflect , in chronological sequence, the main presen- 
tations by the speakers. '-Ever/ effort has been, made to minimize the editing and to reflect 
^each ' author' s original material as .submitted prior to the symposium. 
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(1) NBS L,C1078, Dec, 1976, "The Metric System of Measurement", 
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^ ' ABSTRACT . ^ , . ^ ^ 

These are tfHe proceedings of a sympositm sponsored by th^ National bureau of Standards 
and held in Gaithersburg, Maryland on February 11, 1977, .'^ The' sympositSu was held for the 
purpose of exploring new aspects of indoor thermal eavironments, caused primarily by the 
ijttpact of energy conservation in new and 'Existing buil'dings. Included *n these proceedings 
are .eleven formal' papers which were presented by leading researphers in the field of ther- 
mal comfort' and heat stress, »The contributed papers were from Denmark, Sweden,' and several 
research institutions within the United States including the John B. Pierce Foundati6h at 
y^le^University , 'Kansas State University, and Pennsylvania StatB University, Information 
was presented on a variety of approaches jto determining(^human response to thermal environ- 
ments*^ These included laboratory studies in environmental chambers utilizing^ instrumented^ 
human subjects, fieUd studies involving surveys and questionnaires, mat^iematical modelling 
of humans, an analysis of some types of instruments used in assessing **the quality of the 
environments, and a discussion of tlie relationships, between productivity -^nd the thermal 
environment . , , * 4 

Key words: Energy conservation in buildings.; h^at stress; human comfort; indoor- 
environment; mean radiant temperature; thermal comfort. 

^ • » ^ X 



Disclaimer . - ' * 

• Certain commercial products identified 'in this paper^ in. order to specify 
'^eqiately the e;qperimentai procedure, or to cite relevant exanipleg. In no case does 
such ^idextif icaftion imply recommendation or endorsement by the National Bureau of Standards, 
nor does it* imply that, the products or e^pii^J^nt" identified 'Sre necessarily *the*t)est ,^ , 
available for the purpose. ' . ' ^ ' " ' , ^ 



OPENING REMARKS ; * - 

' ! r • \ R. Wrighjb • ^ 

^ ' Institut^' for Applied Technology 

*• . , [ 4 National Bureau o*f Standards 

\ ^ Washington, D.C. 2023^* 

It is a great pleasure and an honor for me to have been asked to welcome you-to the 
National Bureau of Standards t6day to discuss a subject , of jnutual interest, namely, *that of 
the effects of energy eonsearyation in buildings on humarf cqm^o^. With the inbr^fcised empha- 
sis on energy Conservation |>ractices in existing buildii^gs 'as well as new building desfgns 
tlfaf emphasize energy conservation, yoU, our leading scientists, engineers, government of- 
ficials, ^chitects, physiologists, /and manufacturers a^e faced with the challenge of pro- 
Jiecting the comfort, health', and p^erformanCe of building users. Thi-s symposium', therefore, 
, is unusual because will be trying to explore how much we Really know about the e;ffects 
of interior thermal environments on people. 

We are very fortunate to have with us today some .of the leading experts of the world 
in this field,, scientists who haVe been conducting research in this area for some years. 
We have speakers from Deranark, Sweden, and.^ variety of research institutions in this 
country including the John B. Pierce Foundation at Yale University and from Kansas* State ' 
University and Penn State Unive'rsity. We also have representatives from both UaS. Army and 
9 Navy research organizations who will give us sopie insight into the ^ork they are doing on 
heat stress. This work has relevance to the general problem being discussed because* as we 
move further* away from comfort conditions , .we begin to move into a region of heat or 'cold 
stress. ^ . • * - . 

— V 

We will also hear about a variety of approaches for obtaining infgrmatifn about human 
reactions to thermal environmei^ts. These include laboratory studies in environmental* 
chambers using instrumented human subjects, field studies involving surveys and question- 
naires^ math^atical modeling of humans and their enyironments , and a discussion of some 
. types of instruments used, in assessing the q.ualityi of the environments. 

• We will also take this opportunity to describe some of the work the National Bureau of 
Standards has ^ be en*' doing ov^er the petst several years in promoting enerfor conservation in 
\he design, construction, aad. operation of our nation's buildings. Bas.ed, in part, on the 
work dohe here*, tt^is nbw relatively easy to predict how much efiergy is conserved as a 
result of any or^e of a number of building design or operation strategies. Rlrcommendations^ 
made in thi^. area, howeve^>v^ust consider what effect the* resulting indoor environment has 
°SL« ^ bjiilding occupants. President Carter's recent request "to consexrve energy by keeping 
tSfeM^terioaTtemperature of buildings at l8^ Celsius* (65^F)'^cSH;ig the ^ay and 13*^ Celsius 
(55*^F),__at night prompts further gonsideration of this impact. The question' that arises is 
what do we really know about the^ short-term, and long-term effects of this type of ^building 
, control? This is a big part of the challenge, and we in the National Bureau of . Standards ' 
Institute for Applied Technology and Ir\stitute for Basic Standards are pleased to be able 
to rise to the challenge by sponsoring today's symposim. 

On %&caf of al^ of our staff members^ I bid-you veCLcome and trust that you will* find 
the sessions ^both enjoyable and worthwhile. ^ . ' , \ 
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I * THERMAL 'iOMFORT IN INDOOR ENVIRONMENTS- 

P. 0. Fanger 
Laboratory of Heating and Air Conditioning 
• ^ Technical University of Deiunark 
, ; ' DK 2800 Lyngby - Denmark 

" ' ABSTRACT . ^ • -* * 

\ A review is given e^^sting knowledge regarding the conditions for thermal comforti 
for>>an, emphasizing research data obtained ^ujring recent^ years. * 

I / . - ^ J . 

. Equations, indices, and diagrams predicfting man's thermal sensation, comfort, and 
discomfort as a function of aii> temperature, mean radiant temperature} air .velocity, 
humidity clothing, and activity are discussed. The'^inf luance' on comfort conditions of 
ag^, adaptation, 'sex, seasonal, and circadian rhythm, temperature swings, color, and noise 
are dealt with. The term "climate*monotony" is considered. ^ 

\^ 

Local discomfort due^^ to radiant asymmetry, vertical bm temperature gradients, and 
non-uniformity of clothing are discussed. 

New preliminary research data are presented on^limits for draft* and. pn comfort limits 
for floor temperatures. ' - . ** 

b 

Future research needs are identified. 

WORDS ^ • 

Thermalr* comfort - humap c;omfort - thermal neutrality - thermal^ environment - indoor 
environment - indoor climate. ^ - - . 

* . - > * INTRODUCTION 

In. a mbdern industrial society^ man spends the greater part of his life indoors. A 
large proportion of tjie population spends 23 out of 24 hours in an artificial climate - jslX. 
homej, at the workplacre*, or during transportation. ' ^ , 

.During recent decades this has resulted in a growing* understanding of and interest In 
st^idying the influence of indoor climate on pan, thus enabling suitable requirements to be 
established which should be aimed at in* practice. • * ' ^ ' " 

t-'te. ^ - ■ * ^ 

i At the same time^'an indre^aing number of complain ts^^bout unsatisfactory dndodr * 
climate suggest thatcman has become more critical regarding the environment to. which he is 
subjected. * It seems that he is most inclined to complain about the Jndoor climate of his 
workplace (offices, industrial.premises*, shops, schools, etc.) where he 1^ compelLed to 
spend his' time in environments whichi-he himself can contrc^l only to a ver>^ limited degree. 
Fi6ld studies indicate that in practice many of these complaints can be traced to^an* 
unsatisfactory -thermal environment. < ^ , * 

' * . * • • ^ ^ 

About one fhird of the world's energy consumption is used to provide thermal comfort 
for man. It is no wonder, therefore, that efforts towards energy conservation in recent 
years have led to an increa^d interest in man's cQmfort conditions in order to assess the 
*human response to different conservation strategies. (1,2,3,4) * - 

.In thiCpaper Ihe conditions for man's thQxmal comfort will be discussed, as^ well^jgs • 
tfie thermal^environments which shoul<f be aimed at and the methrods wlTich should be eihpfo^d 
in pragtice .evaluate a given thermal environment. 



DEFINITION OF COMFORT 

* ' • : ^ * > 

* In agreement with ASHRAE's^ Standard 53-74 (5), tfhermal comfort for a person is here 
defined Ta6 "that condition of mind which expressed satisfaction With the thermal environ- 
ment." \his means that he feels thermally neutral-for the body as a whole, i.e., he does 
npt know whether* he would 'prefer a higher or lower ambient temperature level. Further- 

' more^ it is a "requirement that there is no local »warm or cold discomfort at any part of ' 
the human body, et^ due tq asymmetric radiation, draft, warm or cQld- floors, vertical 
temperature gradietits, non-uniform clothing, etc. 

'* o . # ' - ^ 

^ People are not- alike, thermally or otherwise^ If a group of people is exposed to the 

* is^same rox>m climate, it will, therefore, normally not be possible, due to biological, variance, *' 
4 to satisfy /everyone at the same time. One must aim at creating optimal thermal ^omf6rt - 
/ ^foti Che group, iCe. , a condition in which the highest possible percentage of the group are 



thei|mally ^comfortable. 



COMFORT PARAMETERS 



What is required in practice is that the comfort conditions are expressed in con- 
trollabje factors, namely, the following four main environmental parameters: 

1. Mean air temperature^ atound^the human body. , 

2. Mean radian.t temperature in relation to the body. ^ ^ 

3. Mean air velocity around the body. ^ ^ 

4. ^ Water vapor pressure in ambient air.^ ^ 

^ - ' ^ 

Besides 'the, environmental factors^.* man's conjfort is also influenced by t^e following two 

factors? 

* • • * to* 

5'. Activity level- (inCernal heat production -.in the body), 

6. ^Thermal resistance of clothing. ' ^ o * 

^ As suggested' by Gagfee et al (6), activity is often expressed in mfi^t-units**^ met » 
\ W/m^ corresponding to sedentary activity) and the thermal resistance of the cl</thin^ is, 

expressed in clo-units (1 clo « 0.1^5 m^ °C/W). 



58 



S^ppanen et.al (7) have used a thermal manikin 6o measure the cl6-value of many 
\ typical garments and Sprfigue and*Munson (8)^have suggested formula? from^/hich the ^clo- 
value of a clothing ensemble can be calculated- when the clo-value of the individual 
garmehts is known. Madsen (9) has measured olo-valuea of different bed clothing with a 
thermal iilanikin. Nishi ^t al (10, ;i) *hav^ suggested^a simple method by which fhe clo- 
value of a clothing ensemble can be measured while being worn by man, and ,Azer (II) has 
• ■ suggested a theoretical model for iBstimating clo-values.^ The above-mentioned cl^lfg 
studies duririg J:be lai^t couple of years have^ established quite a comprehensive list of 
clo-values for typical^ clothing ens^bles. "A similar table of met-values for topical 
activities Ttas ©listed \f or a long time. The activity and the therftal resistance of the 
clothing can thi^ be estimated with reasonable accuracy by"'considering> the application of 
tiie room concerned* • • * * ' - , *^ 

In practice, qu^titative knowledge is needed as to which combinations of the above- 
njentioned six main variables will lead to thermal neutrality for man.. But according to 
the definition of comfort, it is furthermore requested that there be no local discomfort 
on the humftn t)ody. It can, therefore, he necessary t« consider also the following factors: 
' the asymmetry dh^.the ra^ant environment , the fluctuations the air velocity, t^e v^ical * 
I ''air teaperAul?e.^ad lent the floor t^emperature (and* material) . 
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PHYSIOLOGICAL COMFORT CONDITIONS 



' the purpose of* the human, thermoregulatory system is to maintain a reasonably obnstant 
♦deep body, temperature* around 37 °C; a retjixirement for tjiis is the maintenance o£ a(4ieat 
^ — balance so that the heat lost to the environment is equal to the heat produced by the 

, body,; 'ifetn possesses the most effective physiological mechanisms for maintaining a heat 

■ 



balance:^ the sensible heat 'loss can be altgr^d by a variation of the cutaenous blood. How 
and thus of the skin* temVeja^ure,. latent heat; loss 'can be Increased "by sweat secretion, 
and- internal heat production can be Increased by shivering or muscle tension. 

These mechanisms are extremely effective ^d ensure t^at the heat balance can te 
maintained within wide limits of the environmental variables.* Maintenance of heat Balance 
is> however, far from' being a sufficient condition for thermal ^comfort. Within the wide 
limits of th^. Mivironmental variables^ for which hfeat balance can be maintained, there 'is 
• only a narrow Interval which will create thermal comfort* 

• ^ •■ . , . ' <- 

It ^8 long beei^ knowh^ that jnaa*s thermal'^sensation is related to the state .of bis 
thermoregulatory system, the degree of discomfort being greater the heavier the* load on 
tjie effector mechanism. Experiments by Yaglou (13) in the 1920 's indicated^ a correlation 
between the skin' temperat!ure and the sensatipn of thermal comfort; later and more complete ^ 
studies by Gagge an'd several otheri 01^ » 6, 15) showed a correlation between thermal .sensa- 
tion and skin temp era ture> independent of whether the subjects were nude or clothed. 

• Therefore, it was 'generally accepted for a 'long tiiae "that the physiologi<:al conditions for 
comfort were that a person had a taean skin temperature of ^33-34 *C and that sweati^^g (or 

.shivering) did not occur.* This was later confirmed in experiments "by Fanger for sedentary 
subjects. At activities higher than sedenta'ry pbes, man prefers a lower mean oEin temper- 
ature and prefers to sweat (16,17) ^ By setting up a heat balance equation for' the human 
body, Fjanger then used the <;omfort values of skin temperature and sweat secr^tion^ (both as 
a, function of the metabolic rate) to derive his, comfort equation (16) ..,*'* 

Gagge et al (18,19,'20) found "Ithtft-col^ discomfort is related to skin t^perature 
'while wirm discomfort is more closely, related to the; wettedness o£ the ^kin, Refined as 
lihe relation between the actual evaporation from the skin and the maximum possible evapora- " 
tion .from a completely wet skin. Gagge later used these observations in his derivation of 
^the New Effective Temperature Scale^ (ET*) . - . ^ ' * 

' ^ Although the skin temperature is important for comfort duti^g steady ;state (or quasi 

steady state) conditions, it is obvious that the thermal sensdfb the skin do not in 
themselves determine the sensation of comfott. This is ipp*ar'ent just from th& fact that 
the skin temperature during comfort decreased with increasing activity.* Furthermore, 
transient experiments by Gagge et al (18,19) show that subject^ ,-TjWhen transferred from a 
cold or d warm to a jieutral environment, felt Immediately comfortable .althou^q. their« skin 
/ "temperature was far from the steady State level considered comf ortaBl^e. Thls^ indicates 
« that the rate of' change of ^the skin temperature is also import^t for the them^l se\isa- - 
tion. ■ . , • ' / 

Other transient experiments ^ty Cabanac (21,22) and by Hardy T23.)»ylth 'subjects Ijmnersed 
in .a water bath indicate that an interaction* of internal 'and skin temperature might "be ^ 
important ^4.n evoking discomfort. . , < 

As yet^ we haVe'not reached a full understanding of^he physiological factors deter- 
/ mining man's thermal sensation^ and Ills sensation of cpmfort and discomfort*' Future^ / 
research aimed at establishing these factors, and their c(uantita€ive in€luence on man's 
subjective sensations will hot only be of sciet^flc significance but ^111 klso provide a 
better foundation on which to ev^uate thermal environments in practice. ^ 

' • / . - -ENVIRONMENTkjL COMFORT CONDITIONS * r^^' 

•VHien, in practice, artificial climates are to be created vhicfi 'will provide thermal 
comforJt for m^n. It is, of course, insufficient merely ,;to have soipe knowledge of the* 
physiological comfort conditions. What' is necessary is a detailed quantitative knowledge 
of those ^lombinations of the environmental variables which will provide thermal comfort* 

. Such information estists totfay due.^to a Compr.efiensive experii^ntal research effort 
during the last- decadef, especially at Kansas State University (KSU) an^ Pierce Foundation 
.Laboratory in the U.S*, at the Electricity Couxicil Research Center in England, and at the 
Technical University of Denmark. Besides these laboratories, which have advanced experi- 
mental ^cillties at their <fi^»posal, ^Sgveral c?ther^ research groups have perfprmed comfort 
Studies in the field. * ' f . ' v.. 

o / / ' ' . \ . ' /o. -"^ ■ ' ' 
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Fanger (irfj^erived in 1967, based on experimentally determined physiological •com£or't 
criteria and hieat .transfer theypry, the comfort equation, which. determines all combinations 

. of the six main parameters which Will* provide^ thermal neutrality for man, and the equation 
wis depicted in 28 comfort diagrams, applicable in' practice. Subsequently, he "derived the. 

^^iTOV (Predicted Mean^Vote) and the PPD (Predicted Percentage of Dissatisfied) indices which 
predict the degree of discomfort and the percent of people who win experience discomfort 
f or ^any combinatiipA of the .six comfort .parameter's measured in practice (24). 

Nevins, ,Rohlea, McNall and their co-workfers at KSU used a more emperical methdd where 
they, related the subjective response of their subjects directly to the environmental 
parameters to which they^were epcposed, without taking any physl^ogi^l measurements. 
Thefr .classical experiment comprised 1600 sedentary subjects clo&hed" at 0.6 clo who were 
exposed to ^if fetent combinations of ambieivt temperature and humidity and they derived 
regressicto equations from which the^ mean yote could be predicted as a function of temper- 
ature and hmaidity (25,26,27). They lately used the same method to study tshe effect of 
activity (17)*, clothing (28), mean radiant temperature (29,) and veloT^ity (30). The ; 
results showed an excellenjt agreement with Fanger 's comfort equation. 

« <■ 

Gagge, ^tolwijk, Nishi and Gonzalez (31,32,33,34) established tHe New' Effective 
Temperature Scale (ET*) which is a rationally derived th^rpial index i>ased on physiological 
cpiteftia for discomfort (skin temperature and wettedness) and heat transfer theory. .The 
New Effective Temperature (ET*) is defined as the ^temperature of an imaginary \iniform 
enclosure with 50% relative humidity at which man would feel the same level of warmth, 
acceptability, or co'olness as' he would in the actual environment. ' 

Lines of equal ET* were depicted in a psychrometric ^diagram for lightly clothes . 
sedentary or s.lightly 'active persons at low air velocity, aad regions for different 
degrees of discomfort and for heat tolerance were identified *ia the diagram^. A graphical 
method for the construction oi diagrams for other, activities, dlothings, and Velbcities 
was recommended (35). They introduced latet thfe Standard Effective Temperature (SET*) 

, defined as the temperature of an Imaginary uniform enclosure with 50% relative humidity 
and still air, in which sedentary man in standard clothing (0.6 clo^ would feel the ^ame 

^^evel of warmth, acceptability, or coolness as he would (while sedentary) in the actual 
environment and^Vith the actual clothing worn. ^ . \ 

J The SET* thus combines clothing and' the four envirolomental factors into one index 
from which man's thermal sensation and discomfort can be evaluated at a<»given activity ^ 
levels Diagrams showing SET* as a function of ambient temperature for humidities, air 
velocities, clothings, and act;ivities typical in normal offices during winter^ and stnmner 
have recently been published (36)^. * ' . * ^ 

* Griffiths and Mclntyre^stwdied the relative influence^of air temperature and mean 
, radiant temperature (37) on maa.'^s thermal »5ensation base^ on subjective votas atid they 
used a similar method to s5udi^^t^le influence of humidity (38) and clothing (39,40). 

A comparison of the insults of the above-mentioned studies show remarkably good * 
agreement. It Seems fair, therefore, to state that^we today have the necessary information 
to itientify all the^ combinations of the six main parameters which most likely will provide 
op t!lmal thermal comfort (neutrality) for a large group -oT people. We^ are, furthermore, 
able to predict the thermal sensation or the degree of discomfort for any other combination 
bf^^the parameters. , • * i • ^ * 

' r . ■ , , ' * . , - , 

This -applies to Steady btate conditions or when the environmental variables are 
changing^ slowlyr. (41,42)'. For sudden or quick changes of the variables, • more studies will 
be needed in the future. • . * . 

- * " - INDIVIDUAL DIFFEREtJCES • ^ ^ , 

Ev^r^one is not alike. How then is if possible, from an equation, to specify one 
particular temperature which will provide comfort? The answer is* that this' temperature^ 
' does not necessarily satisfy everyone. It gives, however, combinations, of the variables ^ 
which will provide comfort for the greatest number of people. This is, exaptly what should*" 



be aimed at when a large group of people are. together in' the same room climat^ (optimal ' 
comfort for the .group) • - ^ [ , 




•It has been found from experiments involving 1300 subjects that the best result 
attainable is 52 dissatisfied (Fanger^ (24)), Any deviation from this condition will 
'result in' an increase in the percentage of .dissatisfied. 

, The individual differences can also be described by the standard deviation of* the 
preferred temperature defined as that ambietit temperature at which a person does not know 
whether he would prefer a warmer^or a cooler environment. The preferred, temperature for a 
given person can be determined in a climatic chamber by changing the temperature according 
to the wishes^ of the subject (43,44)^, Fanger and Langkilde found the standard deviation 
•for-^sedentary, lightly clothed subjects to be 1,2 *C (45), 

. VARIABILITY IN MAK'S COMFORT CONDITIONS FRCH PAY TO DAY 

How rep^j^u^ble are the comfort conditions fey the individual? Is not the subjective 
thennal sensarion so, uncertain that large, variations in comfort requirements caif be fexp^q- 
ted fVom day to dayV^ This has recently been investigated by determining the preferred 
ambient temperature for each subj.§at under identical conditions on four different Jays 
(Fanger (46)). A standard deviation of only^ 0,6 *C was found, 

« It is concluded that the .comfort donditiong for the individual can t^e reproduced 
will vary onlx slightly from day to day. 

AGE ' 

It has often been claimed that due to*thewact that metabolism decreases slightly 
with age, the jcomf ort condition^*bastd on ^experiments with young and healthly subjec'ts 
caimot be used as a matter _§f cToSrse for pther age groups. Studies b^ Fanger (24)«, 
Rohles and Johnson (47), and Gri^iths and Mclntyre (48) with the young and the elderly 
^showed, however, no differeroe- in^the comfort conditions for the different age, groups. 
The lower jnet^bolism ^ elderly people seems to be compensated by a lower evaporative 
loss . 

It Should be kept in mind that the e^eriments were performed at the same standardized 
a ctrivi ty <Level fait young and elderly subjects. In certain cases in practice, e.g. homes 
fqi the aged,* th^l^actfvity level will often be quite Iqit', and there will thus beja natural 
tendency to p^^e|^f a higher temperature. , » ^ 

^ ' * ' ADAPTATION 

It is widely believed that, by exposure to hot or cold surroundings, people can 
-ac^:limatize themselves so that they prefer other thermal environments, and that the comfort 
conditions vary in different parts of the world, depending on the outdoor climate at the 
relevant place. ' - ^ • 

Comparison between' results If identical experiments in the U.S. and in Denmark showed 
no difference between the comfort conditions* for Europeans and Americans (24) ♦ In other 
Danish comfort experiments, people who daily had been exposed .to cold byjworking in the 
mea£-packlng^ industry or who were winter- swimmers were not found to prefer indoor tempera- 
tui^es lower than that preferred by other people (49,50). ^\ 

* I People from tropical countries were also tested in Copenhagen shortly after tlife^f' ' 
arfjival by air, and they were found <= to' prefer a temperature only abqut 1 *C high6rHn§fi 
that preferred by Europeans (51). A small difference was found al^ between Melanese and 
Australian subjects a comprehensive field 'study in Papua by .Ballantyne^et al (52). . 
Humphreys (53) found in an interesting comparative analysjls of more tharf^thlrty field 
studies throughout the world that p.eople from the tropics voted comfort^bleu^at temperatures 
higher than would be predicted from the comfort equation. 'Mclntyre and Griff fths (54) 
disQUss this result and suggest that the subjective scale applied might influence the 
result; dwellers in hot climates may prefer a lower temperature than the one they describe 
as comfAtable* ♦ '15) * » 




In conclusion, it se^ms fair to state-'that the effect of adaptation (if it exists) is 
quite, small and that, the comfort criteria established in climate chamber studies in Europe 
and the U.S. can be applied with good approximation throughout the world. 

MEN AND WDHEN 

/ f : 

The climate chamber studies of Kansas State University (25,26,27) »an3 at the Techni(fel 
University of Denmark (24, A5) showed no significant differences between th^ comfort 
conditions for men and wolnen. Women's skin temperature and evaporative heat loss are 
slightly lower t;han those for men, and this balances the ^slightly lower metabolism, of 
women (43,45). But in practice women may tend to wear less clothing and be slightly more 
sensitive to cold (Gagge and Kevins (2)). 

SEASONAL AND CIRCABIAN RHYTHM 
' : • . ' 

. As adaptation seems t6 have only a minor effect on man's thermal preference, therd is 
no reason to expect major differences between comfort conditions in winter and in Summer, 
T^s was confirmed by a KSU study where results of ^winter and summer experiments showed no 
difference (McNall et al (55), while Mclntyre and Gonzalez (40) found a slightly higher 
preferred temperature late in the summer than early in the summer. Although the comfort 
condiaions seem to b«-^onstant or vary little with season, it should be kept in mind that 
the clo-value is uspall^^wer during the summeif, resulting In a higher preferred temper- 
ature. 

On th^,r0^er fiand, it is reasonable to expect the*^comfort conditions to alter during ^ 

^ internal body temperature has a daily rhythm, a max imtidESibccur ring late in 

the afternooA and a minimimi early in the morning. We have, recently investigated this 
experimentally by comparing the preferred temperature for' subjects in the morning and* in 
the evening (56), during a normal 8-hour simulated" wbrking day (57), and during the night 
(shiftwork) (58). No significant difference was found in the ambient temperature preferred 
during a 24-hour period, provided that the activity, clothing and the other environmental 
parameters ^ere the same. _ . ^ 

CLIMATE MONOTONY 

It has sometimes been claimed that a constant thermal environment is not ideal as it 
produces so-called climate monotony - increased fatigue, lower arousal, lower performance, 
etc. But such claims have not so far been supported by .experimental -evidence. 

We have perform^ a 'preliminary study of this problem by exposing subjects to temper- 
ature swings of varying amplitudes and frequencies around the comfort level (Wyon et al 
(59)). At the same time, their thermal sensations, mental performance, and beltayior were 
studied^ Slight positive^ effects on' performance were observed but only with large temper- 
ature swings which were felt to be definitely uncomfortable* Mcltityre (60) studied the 
effect of quick swings 4>f the mean radiant temperature, but the subjects disliked the^'L 
swings. More comprehensive studies are needed. Until then"; I would not- recommend aiming 
at 'temperature swings. ^ * . , ^ - 

' " ^ COLOR AND NOISE > * 

During the energy crisis, the idea was put forward that by using "warm" colors (red 
and- yellow) on walls or by the use pf reddish lighting, ^-psychological feeling of heat 
could be conveyed to people, so that thermal .comfort could possibly be maintained at lower 
ambient temperatures. Similarly, in summer "cold" color's should be aimed at, or blue 
lighting used. Some people have, even si^oken of "color conditioning" rooms instead of air 
cJpnditionlng them.^ ' • ' • * ' 

Unfortunately, no* energy saving seems to be involved in ^ such measured. Fanger, 
et al (61) studied subjects in rodms with extreme blue or red. lighting but iound practicial- 
ly no difference in the te;nperature preferred. Neither ddd" the noise ^J-evel Cwhite noise, 
'40-85 dB(A)) have any psychological effect on man's thermal comfort. 

..... ^ . . . 



' LtCAL THERMAL DISCOMFORT ON THE BODY ' 

^ Although a' person may feel thermally neutral for the body in general,* i.e* , he would 
prefer jieither a warmer nor a cooler eiivironment, he might not be in thermal . comfort if 
one part of the* body is warm and another is cold. ; 

\ This might be caused by an asymmetric radiant field, a loca'I convectlye cooling of 
l^ljp^ body (drafttThy contact with a warm or cool flopr, by a vertical air temperatur'e, 
gpdlent, or by* non-uhlformity of the ^clothing. Besides the cbmfort conditions for the • 
bc^y in general, it is,- therefore, ess^tial to establish limit's -£6x how non-uniform tjie 
heiat loss from"' the 'body can^be *d.t;hofit e\oking discomfortl 



\ SYMMETRIC RADIATION " ^ 

•Limits for asymmetric radiation were recently studied experimentally by Olesen et al 
(62).^\The follQj^g formula for estimating the, limits of acceptable temperature differ- 
ences of a local radiant source for sedentary persons in thermally .neutral environments 
with still air was recommended: ^ , 

• **2.4-1.8I^,<^t^Fp_^ 3.9 + 1.81^, 

* • " ' • . ' ' - \ 
vbere X^^ = clo:;value of clothing w 

'^p-w," ^^"^^ ^^^^^'^ -^^^^^ '^^^^ source * ' * . / 

At^' « temperature ^iffei»nce (**C) between radiant source 

\ ^i^d mean radiant temperature in' relation to the person, « * 

This formula is in reasonable agreement with other recent data by McNall and Biddison (63) 
and by Mclntyre anS Griffiths* Q4) . , * '\ 



V DRAFT 
il tonvec 



Draft ^s defined as an^nwanted local Vonvective cooling of the body. It is perhaps 
the most poxmnon reason for complaints in ventilated spaces. As mentioned earlier, the* 
mean air velocity *around the bod^ influences the ambient temperature necessary for th*ermal 
neutrality for the body as a whole (64,44,65,30). However, in spite of thermal neutrality, 
local.^velocities can provide an ug^aated cppling (» draft) of s6me parts of the body; the 
neck and the ankles, seem to be the most sensitive parts of normally clothed persons. 
Unfortunately, very few experln^^ntal results on this subject have been published. 

. • However, extensive studies (yet, unpublished) on this problem have been performed at 
5 the Technical tfniversity of Denmark during the last couple of years. Mo^e than one hundred 
f;^olle%e^a%e. students have been involviad fji experiments^ where subjects were exposed ^t the 
neck and the ankle to fluctuating and uniform air flows with different mean velocit^es^^ 
"^with different amplitudes" and frequencies o^ the fluctuating velocity/ and with different ^ 
air temperatures, leased on the subjective reactions of the subflects, it has been possible 
to establish* a mathematical model which ptedlGts the percentage of uncomfortable persons 
i (due to draft) aa^a function of the aboverwentioned factors. * . ' ' 

- ' ' ^ ^ ' , / 

As examples of the preliminary results, the diagrams in B^gs. 1 and 2 are shown. For 
two deferent frequencies and amplitudes (expressed as ^the relationship between iriaximum ' 
and mean velocity), the diagrams show the mean velocity which at different air temperatures 
would create dpaft discomfort among 5, 10, 20, and 30% of the occupants. 

The diagrams show that muth higher mean -Velocities are accei>table when the velocity*. 
Is uniform than when it is fluctuating. They show, furthermore, that frequencies around « 
*0»33 Hz are more uncomfortable than frequencies around -0.05. Preliminary analyses of 
velocity fluctuations in. a number of real spaced indicate, however, that the characteristic 
» frequencies are-^closer to the conditions giVen in Fig. 1 (0.05 Hz). ' - 



UNIFORM VEL. ,;,„^u,,, 

FLUCTUATING VEL. ( O.OSHz)/ 




^30% DISCOMFORTABLE 



1 — « — r 
20 . 2? '24 

TEMRERAtURE 



f 



. Mean air velocities (as a Jun^tloji of air temperature) which are 

predicted to. create draf t-^lscomf irti among^S, 10, 20 or 30% of 

the occupants. The .dotted lines correspond to a fluctuating 

velocity. withfa frequency oi O.OS rHzland k relation between , 

niax ^ and mean - velocl'ty, v /v « 21 Thb solid lines correspond 
. • • 4pax ^ V i 

to "uniform" velocity, where v^^/v\» k.2.-We^ diagram applies 
for sedentary persons wit'h a' neutral\ temp eijature around 23 *C. 
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30% DISCOMFORTABLE * 



Figure 2, Mean air velocities (as a function of aj,r tsemperature) which are 
predicted to Create draft-discomfort among 5, 10, 20 or*30% of 

; * the occupants. The dotted lines correspond to a fluctuating . * 

velocity with a frequency of 0.33 Hz and a relation between 
max - and mean y- velocity, 2^ The solid lines correspond^ 

to "uniform" velocity,' where « 1.2. The dia^am' applies 

for sedentary persons with a neutral* 'temperature around 23 "^C. 
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FLOOR TEMPERATURE 

Due to the direct contact between the ieet and the floor, Vocal discomfort of the 
feet can often be caused by a too high or too low floor temp erasure. Studies on comfort 
limits for floor temperatures have recently been performed at the\ Technical University of 
Denmark by Olesen (66), who found the following main results. \ 



people with bare feet (in swimming hal'lX, gymnasiums, dressing 
etc.)> the flooring material is ln^ortantV Based on the 
•ising 16 subjects and based on heat transfW theory, Olesen 

and recommended temperature inteWls, g\ven in' Table 1, ^ / 
.ng materials. For 10 minutes occupancy, at^ijt 10% of the / 
cpirience discomfort at Xhe optimal floor te'mpWature while^/ 
:ed\o be uncomfortable within the recon^ended \emperatur^ 



For floors occupied b 
rooms, ^throoms, bedrooms' 
results of experiments com 
found the optimal temperat 
for a number of typical fl 
people can be expected-to e 
fewer than 15% can be expec 
interval. 

For floors occupied by people\with footwear (normal indoor footwear), th^ flooring 
material is without significance. Olesen found, based on his own experiments/nd^a re- 
analysis of th^ results of Nevins et\al (25,68;69), an optimal temperatufeof 25 ^'C for 
sedenrtary and 23 for standing or Walking persons. At the optimal temperature, 6% of 
the occupants felt warm or cold discomfort at the feet. If one accepts jxp \o B% uncom- 
fortable, the floor temperature should be within the interval 22-30 C^for s^^^entary ^nd 
20-28 **C for standing or walking, per sons. 



.VERTICAL AIR TEMPERATURE GRADIENTS.* 



/ 



In most spaces in buildings, the a±x temperature is not constant from the floe^^ to ^ 
-the ceiling; it normally increases with the height above the/floor. If this gradient is 
sufficiently large^ local warm discomfort caA Occur at the, head, and/or cold discomfort 
can occur at the feet, although the body as a^ whole is thermally neutral. Little infor- 
mation on this^subject has been published but preliminary results from studies ^t the 
Technical University of Denmark by SchflJler (70), and results by McNair (71) ^d Eriksson 
(72) indicate that the risk of local discomfort is negligible provided that the air temper- 
ature difference between head and feet level is,^less th&n 2-3 ^'C, ^ 

• NON-UKIFORMITY OF/hiE CLOxjllNG ^ * 



/ * \ • 

The clo-value is an expression Or the^mean thermal^grresistance of a clothing ensemble 
over the entire body.i But if the clothing^is very non-uniformly distributed over the 
body, it is likely that local warm and cold discomfort can occur at different parts of the 
skin, although the body as a whole is thermallor neutral. No systematical studies of this 
phenomenon. hava been performed, but Mclntyre and Griffiths (73) found that although the 
general thermal sensation of sedenta^ subjects at 15 and 19 ^'C was altered when they put 
on an extra sweater, this did not ^crease the local cold discomfort on the hands and 
feet. ^ ' / . ' 

/ FUTURE RESEARCH NEEDS 

' Conclusive new eviden<^^ has comfe to light on man's comfort conditions as a result of 
extensive research carried out during recent years. 1:hi8 knowledge is quantified so that 
.it is directly applicaVle in practice. However, several problems still exist which demand 
pur fef forts in this field of research in the future. ^ . 

'It is partly .a^matter of establishing comfort conditions during transients (including 
temperature. and humidity fluctuations and suddencchanges, for instance, when a person^ 
moves from outdoors to indoors). In.this .connection, it would be appropriate to perform 
more fundamental studies. to clarify the correlation between man's thermal sehs^tion and 
cojofoft and/the function of his thermoregulatory system. . " ^ 

Corn^rt studies on children are tieeded to Investigate whether the comfort conditions 
for adults apply also to this age group. 



12 



2-0 



Tal 



Flooring Material 
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le UV^mfortable Temperatures of Floors Occupied by 
\People with Bare Feet. 



Optimal Floor 
Temperature 

" for 



1 min 10 min 
Occupancy Occupancy 



Recommended 
» Floor Temp, 
Interval 





1 Pinewood Floor * 


. 25 — ' 


25 


r 

22.5 


-58 , 






Oakwood Flgor^ 


26 


26 


24.5 


- 2d 






PVC-Sheet with Felt 
Underlay on Concrete 


28 ' 


27 

» *■ • 


25.5 


-28 




\ ' ■ I 


Hat'd Linoleum. on Woo*d 


. " 28 , 




24 


28 




^ I 
I 


^ 5 mm Tesselated Floor 
on Gas 'Concrete 


' 2^^ ^ 


27 - 


T 26 


- 28.5 






Concrete Floor 


" 28.5 


%1 




# 

- 28.5 


> • 


1 ' 

^. * * — 


Marble 


. '30 


29 




*< 
- 29.5 
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Inf&r^iatiOn on- the effect of tWe thermal, environment^on^ sleep quality is required. 
The establishment of. optimal thermal conditions for .sleep of practical si|nlf icanc.e for 
•the planAing and operating' of* h%ating and^air=c¥nditioning system, e.g., -for hotels and 
hospAali. " — ., , " • ■ " " ' "i ' 



Morel Studies are Aeeded^on the thermal properties o/ V^othiig -ensemble^; on the . 
effect of \noit-uniform clDthing\, and on the cjnnecj^ between; clo^thing hab^s and behav- 
ioral tejnp^,efature regulatiba* ' * «^ 



. Development of new .itght-^eight clothing erisemtles with ^S^y adjustable clo-value, . 
high permeability for transfer of water .vapor J and acceptable to -peop^ seems required. 
Development\ of therpally rationally designed uni^rm^'for, diff^^ typical ilffdustrial . 
joSs requires special -attention. ' ^ *\ 

Information on the acceptability of ,spot heating and AoMfcig* in* industry are , required . 
Possibilities of individual heating or cooling of the bod?r %hWld be .considere^. 

A study should be made on how people Evaluate thelimal Hl^corffiort compared to other * 
types of discomfort in a building Cvisual, acoustical, Su^h information could -be 

useful for building designers wh^n .deciding how*giv.en resources /should U spent optimaUy 
to- minimize the "total" experience of /iscomf ort^ in a buildin-g.J 

-It would usfiful to Investigate whether people f^any ofthe combinations- of the 
environmental parameters which provide comfort pref erable;^o 6tKir; combinations ( pofeitive^ 
comfort?). ft , ■ 

'Furthermore, studies are needed on whether thermafly** comfortable environments also 
are optimal for human' performance, productivity, ^ea^rning, ^ni health, The fn^uence on ^ 
these factors of slight warm and cold ddscomtort also requires fiprther investigation. 
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THE USE OF MODELING HUMAN RESPONSES 
IN THE ANALYSIS OF THERMAL COMFORT OF INDtfOR ENVIRONMENTS^ 

' N. Z. Azer and S. Hsu ^ *^ 

Department of 'Mechanical Engineerings ^ - 

Kansas State University 

Manhattan, Kansas' 66506 , • 

- ' ' / ^ * ^ 

ABSTRACT • * . ' * 

>fodeline the thermoregulatory system' is used In evaluating the threshold WBGT y^lues 
of OsS HeS St^Ls Safds. It is shown that physiological^ reactTicms above or within 
tL' tSerank li^^ experienced during exposure to environments ^ving ,the same 

Sr.^Sld^T Values particularly at heavy work loads. Also, the ifse of Modeling human 
Sre^St^ r'^^^ co;;^ervation strategies in buildings is also dis- 

cussed.* 1 • * - * ' 

Key words: OSHA Standards; WBGT; cor. temperature; modellng> thermal sensation; Energy ' 
consjervatlon 

INTRODUCTION ^ , _ • 

■ OSHA Heat Stress Standards [1] were developed In an attempt to establish work ""J^" 
tions which would insure -that workers' deep body temperature would „38^^ ^^JJ^J ' 

Thp IfiV limit was based on the recommendations of a j>anel of experts of the World Heaitn 

WBOr valu.,. for three different warU loads ^ '^"^ ^^^^^.^^ ^ 3 Jthe neld for 
recommended. Also recommended were certain work practices ,^ wni^ cmjjimaj.^^ A«<.>ni na^rfl^ 
accl^ting the workers, and'adopting work-rest reg^ns to re^ce peaks PVioJ^Slcal 
fltrAin in orde^ to improve recovery during reist periods. The WBGT Index was cno«en 

iSenSfy the -VI ^"^^ ^« ^""^^^ ^%'^^""'^^^"'' "t:11alror3 na^Il^ 

in^tion It also-^nsoiidates into a single value the four environmental factors, namely . 

t^-dry bulb temperature Tdb. the relative humidity RH or vapor pressure, 
temperature T^r, and .the air velocity V. For. indoor environments with no solar^ 



WBGT - 0.7 T^^ + 0.3 T^ 



-where 



natural wet bulb temperatur4 obtained with a wetted sensor exposed to the 



T . - 

nat'Ural air movement 

T 



■ = temperature at th^center of a 6 inch (15cm) diameter^hollow copper sphere. 
8 painted on the outs'ide with a matte black finish (^lobe temperature) 

One aspect which makes the WBGT- Index attractive is the fact that ttie air' velocity need 
not be measuS, aince its value, is reflected in the measurement of the natural wet bulb 



temperature T^^. 



OnP of the deficiencies in the WBGT index is the, fact that the- natural wet bulb 
tempeSture S not alheri^dynamic property. As a re'sult, different combinations of^en- 
So^entll parametets could have,, the sameTJ^GT. Undoubtedly, when man is exposed to 
di f^en combin^ti^L of environmental factors, having th'e same '^J^ ^^Lible 
different physiological reactions. Therefore, the experimental evaluation of P°^"J^ 

S".,.. fusing «f.th. .«rk-re.t: «si.en for any «,rk l»d »d .nvlroi-enj. 
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During the past fifty years, extensive studies weye conducted tp determine man's 
physiological and subjective reactions when eJq^osed to different combination of environ- • 
mental parameters, clothing, and activity ^levels. Most of the efforts in this.area ,werb r 
- primarily experimental. One of the major contributions of such studies was the identifi- 
cation of generally acceptable thermal conditions for comfort for slightly Ictive, healthy.^ 
normalJ.y clothed subjects when the air movement is less than 0.2 m/s (40 fpm); These 
firtudles were- conducted without any regard to energy conservation. Because of the current 
drive towards energy -conservation, new aspects of indoor thermal environments need to be 
explored. Fot example, one needs to consider the possible "trade-off" between clothing in- 
sulation value and the different environmental factors which can allow lowering the 
^, thermostatld setting in winter, and raising it during the summer. The experimental evalu- 
^r^Sl.^:^'^ possible combinations of factors involved, and the identification of the 

'^optimum combination of these factors, which can result. in energy consolation while provid- 

app^oacri^the^s^ ^^'^ consuming and expensive. .The alter!iativ^ 

rl / modeling of the human responses, to specif ib environments, to provide 
this' needed information. This is the second objective of the present paper. 

ASSESSMENT OF THE WBGT INDEX ' ,^ ^ 

- .x^able.l lists the recommended threshold WBGT values of OSHA Standards 71] . To assess 
' WBGT in^ex by the use of modeling the thermoregulatory system, one' ' 

needs Jto identify different combin^tions^of environmental parameters having the same 
g threshold WBGT values. - ^ 

T/&LE 1: RECOMMENDED THRESHOLD WBGT VALUES OF OSHA STANDARDS 



/ Work Load ? 


0 

Threshold 


/* 

WBGT Values 




o » 


Air Velocity < 300 fpm, (1.5 m/s) 


f~' : 

Air Velocity > 300 fpm (1.5 m/s) 




1 

N . -Ligjit (200 kcal/hr 
Or below) 


86°F (30.0''.C) 


' ^ 

90''F (32.2°C) 




J,. Moderate (201 to , 
; 300 kcal/hr) 


82°F (27.8*C) 


f 

87°F (30.6°C) 


« 


' Heavy (above 
300 kcal/hr) 


*79°F (26.1°C) 


84°F (28.9''C) v^' 





Determination t)f the^ WBGT in Terms of the Environmental Factors 

The instruments required for determining the WBGT, Index, for an indoor environment, are 
the natural wet bulb and globe "thermometers . If both 'thermometers are placed in^n envir- 
onment having certain Tab. T„,r. RH or vapor pressure, and V, and if both thermometers reach 
equilibrium with the environment,- one can write two equations which govern the heat and * 
mass transfer fef toth thermometers. The governing equations can then be solved using an 
Svelv lorwS!Jh%^° the natural wet bulb and globe temperatures T„w and Tg, respec- 

tively, from whjch the corresponding WBGT can Ae calculated. Following this procedure, a ^ 
summary of which is given.in Appendix A, lines of constant threshold WBGT values, of Table 
1, were generated and plotted on Che psychrometric charts in Pigs. (1>, *(2), and (3) In ' 
lit' fll' l^^ ^^^"^^ Pl"**^** f""" -^^se Tdb = T^r at two velocities. In 

J^'.^Zl' threshold values are^p.lottfed for the case = Tdb + SCF.-de.e'C)', also at 

two different velocities, while in. Fig. (3) the WBGT lines were plotted -for T„. = T^k and 
Tmr - Tdb + 30-f (16.6-C.) at a velocity '400 fpm (2 m/s). Values'of T^, and V were f^bi! * " 
v'^^hP n,!«M'^n'« Different constant WBGT lines can result for different values of J^r and' 
to aS oossiMe .Iff t ' '° <^-Seact physiologically when Exposed 

ia?u^s?- ?^ ! combinations of environmental factors, having the same threshold 

WBGT values? -It is quite obvious that the determination of these physiological reactions 
expferlmentally in a climatic chamber is a tremendous 'if not- an impossible task. A more 
direct approach is through modeling pf the thermoregu],atory system. 
'■ < N . , , . 

• '1% 

9 ... 
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, Fig. (3) ^ Constant llireshold WBGT Lines of OSHA Standards 
Modeling of the Thermo regUlatorv^Syst em ^ - . „ 

' r has, developed' during the past fifteen years by engineers in applying the 

princrplesT of control theory to thp jegOlation of body temperature. As a result, several 
thennoregalatory models w^re developed [3,4,5,6,7,8,9]. fn all these models, the human body 
is dividfed l^o a number of geometrical segments, and each segment into a number of layers 
'or compartmeHts. Passive state equations for thermal balance, due to blood flow between the 
various compartments, aUd energy exchange between the skin surface' and the environment are 
developed on the basis of known thermal and circulatory characteristi<is. of the human body. 
Control signals based on set-point temperatures in the skin, cofe, and muscle are introduced 
into the passive state equations ta form a regulatory model for predicting changes in body 
temperature after -exposure to any combination of envirpnmental variables , clothinp. and ac- 
tivity. « , ' ' ' . 

>..:•■ 

In 1971, Gagge. et al. [5] developed a two-node thermoregulatory ynodel. In the present 
paper> a modified form [10] of the two-node thermoregulatory model was, adopted. A summary 
of the passive state 'equations and the control function of this model is given in Appendix 
B. A computer program was developed to integrate the passive state equations of .the mo^i^l. 
The lAput^parameters ta'the program were the four environmental factors (Tdb, Tmr, HH, and 
V), the clothing insulation value, and the metabolic h6at production rate M which is a 
function of the work load. The output of the program gives the physiological reactions, ' 
namely, the core and 'sklc^temperatures , and the sweat rate or skin wfttedness. 

To assess the WBGT Index, different combinations of environmental factors having the 
^ same thr'eshold WBGT values listed iii Table 1 were selected, from Fig?. (1),'(2), and (3), 
■together with their recommended work loads, and a clothing insulation value 0.60 clo. These 
were used as input {Parameters to the thermoregulatory model computer program to predict the 
physiologitjal reactions aft6r two hours exposure. The results^ are summarized lA Tables 2, 
;3,,and 4. *The first column in each table lists the work load. The 'second column lists the 
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criteria of-OSHA Standards were developed to insure that tne worKers ^^^^ / Y tables 
criteria uj. Gmohasis in the discussion of the results in the caDie? 

ceede& 38»C are identified by an asterisk (*) .io the tables. In Table 2, at ngnt worK 

TABLE 2: PHYSIOLOGICAL RESPONSES IN ENVIRONMENTS 
HAVING THE SAME THRESHOLD, WBGT VALUES WHEN 

^ ^ Tor - Tdp, Icl " 0-60 clO' 

AFTER TWO HOURS OF EXPOSURE I 



OSHA STANDARDS 


ENVIRONMENT 


PHYSIOLOG 


ICAL RES 


;P0"NSES 


£- 

Work Load „ .WBGT ^ 


- ^db 

«F 


RH*' 
' % 


*V 

fpm , m/s 


T 

cr 


^sk^ 


wsw** 


Light 

"150 kcal/hr 86 C 
^600 Btu/hr) (30. 0^*0) 


87.8 31.6 
88.8^. ' 31.1 
96.6 '35.9 
97.2 ' 36.2 
107.0 41.7 
' 108.5 42.5 • 

A 


90 
^0 . 
• 50 
50 
20 
20 


25 0.13 
100 0.50 

25 0.13 
100. 0.50 
^ 25 0.13 
100 0.50 


37.3 
37,3 
37.3 
3?'.3 
37.3 
37.3 


35.1 
34.2 
35.1 
34.6 
35.5 
' 35.1 


1.00 
0.81 
0.79 
0.59 
0.65 
0.49 


Moderate 
250 kcal/hr - 82'*F - 
(1000 Btu/hr) (27.8^*0 


83.7 28.7 

83.8 , ?8.8 
92.0 • *r 33.3 
92.8 " 33.8 

101.8 38.8 
103.8 39.9 

* -i. — 


90 ^ 
90 
50 
50 

20 ' 
20 c 


25 0.13 
100 0.50 

25 0.13 
100 0.50 

25 0.13 
100 0.50 


38 «0* . 
37.7 
37.7 
37.7 
\37.7 
137.7 


36.1 
34.2 
35.3 
34.6 
35.3 
35.0 


1.00 • 

0.96 i 

1.00 

0.75 

0.87 

0.63 


• 

Heavy 

350 kcal/hr 79**F 
(1400 Btu/hr) •^(26. 1^*0) 


80.7 27.1 

80.8 ^7.1 
'88.8 ' -31.6 
89.3 ^ 31.8 
98.2' 36,.8 

99.9 ^ 37.7 


90 
90 
50 
50 
20 
.0 


25 0.13 
100 0.50 
25 0.50. 
100 0.50* 
• 25' 0.13 
100 0.50^ 


3i.O* 
38\8* 
38.0* 
38.3* 
38.0* 




36.9 

35.0 

36.4 

34.8* 

35.6' 

35.1- 


1.00 

i.oo 

1.00 
0.89 
1.00 * 
' 0.76 


.\ 


t 



* T reached or exceeded SS-E, see Appenaix c lor j-ub u<=.-"-u^v,.. 

cr . ' 

T reached 27 .3' C (.99.1'V) after two hours exposure in all^environments . Tgk ranged be- 
Tcr f ^^^•:;5''5i!^(03 1 and 95.9»F) while the skin wettedness WSM ranged between 0.49 

ZTl h gilr t£ ;kin"wettedness the higher is the^thennal discomfort according to 

Zlit al (uf. At iSderate work l.oad. 'he 38»C (100.47) Tpr was -ach^dj^n t^^ 

f '^\i f'6 a00 9 and loltrF). Also,* the skin temperature and wettedness were different 
Tot fifLreS°e;:iroLe°nt;! Lilar ;bservations can be made o„ -suits. i^n .Table 
which were obtained for the case'when T^r - Tdb + 30 F a6.7>C).. ^^^^^^^/^r.VsO'F ' " 

the significance of air velocity in reducihg the heat stress. , 



TABLE J: PHYSIOLOGICAL RESPONSES IN ENVIRONMENTS 
HAVING THE SAME THRESHOLD WBGT VALUES, WHEN 
Tmr - Tdp + SO^F (le-y^C)', 1^1 0.60 clo, 
AFTER TWO HOURS EXPOSURE . 



\- 



OSHA STANDARDS 



ENVIRONMENT 



PHYSIOLOGICAL RESPONSES 



Work Load 



WBGT 



db 



Light 
150 kcal/hr 
(600 Btu/hr) 



86;F 
(30.0°C) 



80.2 
83.1 
S7.9 
91.6' 
97.1 
102.3 



26.8 
28.4 
31.1 
^3.1 

i36.2^ 
39.1^ 



RH 
% 



90 
90 
50 
50 
20 
20 • 



fpm 



m/s 



25 
100 

25 
100 
-25 
100 



0.11 
0.50 

0.50 
0.13 
0.50 



37.3 
37.3 
37.3 
37.3 
37.4 
37.3 



sk 



35.3 
34.9 
35.7. 
35.3 
'35.0 
35.8 



WSW 



0.88 
0.^8 
0.75 
0.57 
0.71 
0.53 



Moderate 
250 kcal/hr 
(1000 Btu/hr) 



82°F 
(27.8°d) 



76.1 
79.0 
83.3 
87.0 
91.9 
97.0 



24.5 
26.1 
28.5 
30.6 
33.3 
36.1 



90 
90 
50 
50 
20 
20 



25 
100 

*25 
100 

25 
100 



,0.13 
0.50 
0.13 
0.50 
Q.13 
t).50 



38.0* 

37.5 

37 .'8 

37.5 

37.7 

37.6' 



36.2 
35.5 
35.9 
35.6 
35.9 
35.8 



1.00 

Q.76- 

1.0 

0.6 

0.97 

0.64. 



Heavy 
350 kcal/hr 
(1400 Btu/hr) 



79°F 
(26a°C) 



73.0 
77.9 
80.0 
83.7 
87.7 
93.0 



22.8 
25.5 
26.7 
2$. 7 
30.9 
3b. 9 



90 
9Q 
50 
50 
20 
20 



,25 
100 
26 
100 

25 ^ 
100 ^ 



0.13 
0*50 
0.13 
0.50 
0.13 
0.50 



39.2* 
38.1* 
38.8* 
38.0* 
38.5*' 
38.0^ 



36:8 
35.5 
36.4 
35.2 
36.0. 
35.5 



1.00 
1.00 
1.00 
0.86 
1.00 
0.78 



* T^^ reached or exceeded 38 °C 



"T 



At this point one can argue the accuracy of thjB thennoregulatoty model In predicting the 
physiological reactions. Irrespective of the accuracy of the predictions, the fact that 
nc«A combinations of environmental factors, having the same threshold WBGT values of 

OSHA Standards, can result in different physiolcTgical reactions, is still valid. These re- 
actions could vary between tolerable and intfblerable limits depending 'on the/work W, the 
air velocity afJ^l its relative humidity- as well as the mean radiant temperature. Such obser- 
vations poirft clearly to a major deficiency in the WBGT if adopted as a heat stress index. 

Gagge and Jlshi [12] pointed out^he fact that there is ^no single physical index of the 
thermal environment universally useful^for judging both comfort and varying levels of heat 
strain. They also pointed out that the only true environmental index temperature -is the one 
based on the heat balanc^equati-ons between man and his thermal environment, and it is then 
limited :ao\{;Iig specific activity concerned and to the specific heat and mass transfer coef- 
ficients in terms of clothing insulation and air. movement of the test environment. Such 
observations of Gagge and Nishl [12] support ^he observation made the present authors 
regarding the deficiency^ of the WBGT as a heat stress index. Since the OSHA Standards for 
work in hot environments were developed to establish wor{c conditions which would ^insure 
workers deej> body temperature wouH not exceed 38°C (100. 4°F), It is proposed here that 
safe hot work. environments ^be identiffed by plotting,^on a Bsychrometric chart, lines of ^ 
constant 38 C ^(100.4 F) core temperature for dif f er^^^TTTySfiods of exposure at specified 
work loads, air velocities, mean radiant temperatures, and clothitig insulation values. This 
can be accomplished using modeling of the thermoregulatory systenf. For the purpose of ill- 
ustration only, ^constant 38°C.^c6re temperature lines were generated for two work* loads, 
namely, 1 and 3 mets (1 met « 58 W/m2) , at velocities 0.15 m/s (30 fpm) and 1 m/s (200 fpm) 
when Tmr - Tdb,' when dressed in a 0.6 clo yniform, and after one and two hours of exposure. 
The results are plotted in Fig. (4). These lines were generated u«ing a modified form of 
the computer program of the two-node thermoregulatory moiel'-of the present paper. In Fig 
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toward cooler environments. 



TABli ^: PHYSIOLOGICAL RE^PONSES^ IN ENVIRONMENTS 
• HAVING THE SAME THRESHOLD WBGT VALUES AT 
V - 400 -fpm (2 in/s),'and Id » 0.60 clo,^ 
AFTER TWO HOURS EXPOSURE' _ • 



* T reached or exceeded 38** C 
cr 



OSHA .Standard > 


Environment, j 


Physiological Responses 








T = T 
mr 


db 








WOlK LiOau 


J^BGT 


T 

do 

. '^F 




RH • 

% 


T 

cr 


sk 


WSW 


Light 
150 l^al/hr 
(600' Btu/hr) 


90***? 
(32. 2^*0 


91.9 
101.7 
115.0 


33.3 
36. 7 ' 
46.1 ^ 


90 
50 
20 


37.3 
' 37.3 
^ 37.-3 


34.6 ' 

35.0 

35.6 


0.88 
0.46 


Moderate 
^ 250 kcal/hr 

(lOOQ Btu/hr) 


87''F 
(30.6*^5 
. * • V 


88.8 
98.2 ■ 
110.8 


31.6 
36.8 
43.8 


90 

50 ' 
20 


37.7 
•^7 7 
37.7 


34.5 
• 34.8 
.35.3 


1.00 
0.68 
0.56 


Heavy , 
350 kcal/Jir 
(1400 Btu/hr) 


84**F , 
(38. 9^*0) 


85.6 
95.0 
107.1 


29.8 ^ 

35.0 

41.7 


90 

50 - 
20 


38.0* 
38.0* 
• 38.0* 


■ 34.7- 
34.9'^ 
35.3 


i.ob 

^' 0.77 
0.65 






' T *= T , 
^&r dp 


ti*30**F (16.7*^0) 








♦ 

' Slight 

150 Iccai/hr 
(600 Btu/hr) 


- 90'*F 
(32.2'*C) 


^89.2 
98.8 
111.5 


31.8 
37.1 
44.2 


90 

20 ^ . 


37.3 
37.3 
37.4 


35.2 t 

35.5 

36.0 


0.72 
0.55 
0.48 


Moderate 
250 kcal7hr ^ 
(100 Btu/hr) 


87^F 
?30'.6:C) 

V 


86.2 
95.4 
107.4 ^ 


30.1 
35,2 
41.9 


. 90 
50 
20 


, 37.7 . 
^ 37/7 

_fj 


35.0. 

35.3 

35.7 


0.88 
0.67 
0.58 


\ • HeaVy"^ 
- ; 350 kcal/hr 

(1400 Btu/hr) 


^ ^84**F 
(28.9^*6) 


83.2 
• 92.1 
103.4 


28.4 
33.4 
39.7 


90 

^ 50 

20 


/38.O* 
/ 38.0* 
/ 38.0* • 


35.3 
35.3 
35.3 


0.76 
0.76 
'0.67 
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Fig. (4) Lines of Constant Core Temperature (38*C) at One and Three Mets, ^ter One and Two 
House Exposure. J , 

Planning of the Work-rRest Regimen . y » 

In OSHA Standards, in addition to the recommendation that during^ any two-^hour period of 
the workday, workers are not to he exposed to hot environmental <:ondition^ and work-loads in 
excess, of the levels shown In Table 1, certain work practices were/recommended. One^'of 
these recommended practices specifies ihat work-rest regimens be /stablished to reduce jthe 
peaks 6f physiological strain and improve recovery during the re^ period. The duration of 
the work period in any extreme heat exposure is to be determined by experienced or profes- 
sional judgment based on similar work under, ^^imilar conditional It is a fact, that np work 
place or conditions are like .anotlier . It is also a fact that/'the durations of the work and 
rest periods depend on the work load, and the environment of the work and, rest places. Es- - 
tablishing suitable work-rest schedules for every possitile/work situation in the laboratory 
is also impos^ble. A practical approach to planning the/workrrest regimen is through the 
use of modeling of .the thermoregulatory^ model. To illustrate 'such possible use^hree 
work-rest schedules were developed in which the core temperature was not allowedTto^xceed 
38**C when the \fr6rker works at a load 226 W/m2 (heavy 16ad) while dressed In a 0.6 pfo uni- 
form,^ in environments where the velocity is 25 fpm (0(13 m/s) and the WBGT value/l's equal 
to 79**F (26.1**C). The three environments haying such WBGT were selected from T^ble 2 
where Tmr » Tdh. The rest envirotoent was arbitrarily selected to be 75**F (2iC9**C), 50% RH, 
and. air velocity 25 fpm (0.13 m/s). The activity/level during the rest period was seden- 
tary (58 W/ta2). The work-rest schedules were developed through a computer' program, which 
integrates the passive s^tate equations of the tj/o-node thermoregulatory nipdel. The model 
^predic^s the changes in core temperature,' as wfil as" other physiological reactions, with 
time after exposure^and work in the hot environment. The initial input par^eters to the 
program were the..environmental factors and the work load. The initial core and skin 

, temperatures were arbitrarily selected 37^0^(98. 6**F) and 34**C (^3J2*»i) respectively. When 
the core temperature r|^chpd 38**C, the computer, through 'the prigram, was' instructed to 
change the environmental factors and the /Work load to thos^ af tWrest period specified 

^above. Figure 5 shows a plot of the 'cox?4 temperature variation With time during the work 
and rest periods. Arbitrarily, the re^t period ^s terminated when the core temperature ^ ^ 
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Work tnvlronwnt Rit Environ— nt 

W/m^, 0,6 do M-58 W/«^, 0.4 clo 

WB6T-79 F{26,1 C) . ^r'^^t"?^ ^^^J.S 0 

T -T.., V-25 fp«<O.Ui*/») V-25 fpoi<0,13 

80,7 F{27.t ©). 90tRH 
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TIME, Hour 



Fig. (5) work-Rest Schedules for Thrpe Dl££erentJnvlron:nents at a Specified Work Load. 

K ^ ^7 IV 1»F) Had the core temperature been allowed^to 'return to the original 
vSu 17- • 98.^-f5 Perlod wouldVe lasted Wr. If one disregards e i - 

It was based on using the modeling of '^fp „!!°!:„„prature for different environmental 
psychrometrlc cbart^lnes of constant 38"C core '^^'"P^f '"^.^^""he work-rest schedule. 

parameters, work loads, and d^/^ip^^ "^.^'^"^""'.^Sors SSr Ss used for this purpose.^ 
A two-node thermoregulatory model developed by the authors JJO J ^a^ 

d&rds^ _ " • • < 

MOnKLING HDMAK STIBJECTIVE PBArTTOMS TO TNTV^OP- F,tjVTBOmiEmS ' , 

to' determine the range of thermal conditions at which men f J women report ieelln^^^ 
fortable When dressed In 0 60 clo -iforms. at a -den^y^J-^i," ^ f Suc .d a^sfrles 
aents less than 40 fpm (0.2.m/s). when Tmr - Idb. J°^J^^/^5.;^n5!6 to 36.7?.cj at 2-F ' 



iT^° sedentary, at air velocities 'higher than 40 fpm (0.2 m/s) 

when Tnir 1« Tdp. Undoubtedly, this is a ttoe-consumlng proposition. For example to tes^ 
iraoti:iMl°"%'' ^db and RH'of aShles and Nlvlns'Ush'a 3 levels 

tl ^l iT rl'o 1 "'^""^'^^'l ^"f^L-^l^^i^S insulttlon values, while ^tlll Lln^alJlng 
S%rJf§* "''"^'^^^ Perfornilng 4320 experiments. This Is on the basis tlvat both sexes will 
«oi^d LrS: " experiments were to he conducted feach week all yeL 

^ any delays due to breakdown of equipment, etc.. approximately 17 years will 
metcrn vnu?.M° the, testing, and even then not all possible combinations ofpara- 

!^n 8Scti:e"::ct?;n.' '""'"'y " '^'^ P""^""^^ througr modeling tL 

Recent;Ly, model [14] was developed by the authors to predict thetinal sensation on a 
nine point scale in which ^ero represents thermal neutrality , and numericitlly positive and 
negative values represent watm and cold ' sensations , respectiveLy. Warm thermal 'sensation 
was correlated with a new factor identified as^ttedness^ f ac^. Cold thermal sensation . 
was correlated with a new factbr identified as vasoconstriction facto^l. For §, given combi- 
nation of environmental parameters, clojjhing, and activity,' both fact6rs could Ije determined 
by the two-node thermoregulatory model of Appendix^B. Predicted thetmal sensations of the, 
model wpre compared with feteady state and transient' experimental thirmal sensation data 
over a wid& range of environmental, conditions (cold, hot-dry, andyhot-hum^^) ,j clothing 
insulatipn (0.05 to 0.7 clo) , and activity levels (1 to 6 mets)./The accyraciy^ the pre- 
dictions was comparable to the uncertainties in experimental medsuremAits and the individual^ 
differences among subjects. A summary of the model is inllud^ in Appendix C. /The objec- 
tive now i-s**to Show the 'capability of this model in supplfitig some ^f the information 
referred to earlier. * . . . y ^ 

A computer program was developed for the thenJ^l sensation model .to prfedibt the thermal 
sensation for any combination of environmental factors, clothing, and activity. TKtoUgh a 
search technique, the program is also capable of identifying the proper coi^binaXion of , 
faiitors which can result in a specific thermal sensation. For illustration purposes, a few 
of the 90del predictions are shown in tigs. (6) through (9). Figure (6) shows a comparison 
between the thermal sensation predictions of the model and the experimental data of R6hles 
and Nevlns, [13j plotted on th'e psychrometric chart. The agreement is good over the entire 
range of the dry bulb temperature and relative humidity. Figures (7) smd (8) show the 
Constant thermal sensation lines predicted by the model at activity levels 2 and y mets ' ■ 
respectively, ^qr air movement 0.15 mh (30 f pm) , 0.6 clo,\nd T%,r>= Tdp iffispectively . On • 
the hot side, thermal sensation lines were terminated when the skin w^ttedness WSW reached * 
unity. At this point, it is assumed that the tolerance limit has been reached. Figure (9)" 
was reproduced from the previous 3 figures and it shows the^lines of thermal neutrality at 
activity levels 1, 2, and 3 mets.. All other factors being the same, the lines of thermal 
neutrality move to cooler zonfes with the increase of the metabolic rate." Similar charts can 
be generated for other air velocities, clothing insulation values, and mean radiant temper- ' 
atUres. Although no experimental data are available at the present time to check: the 
predictions in'Figs. (7) and-(8), yet because of the fact, that . the predications of t;he ^model 
were tested for a wide range of environmental factors, activity levels and clothing- [14]: it 
is safe to say that the model is reli'able ±xx its predicti<??is. However, if experimental * 
verification of the predictions in the above figui^eg is netoTLoffe needs to be ' mainly. .con- 
cerned with lines of thermal neutrality.. In auch a case, A limited nuniber of experime'nt6 ^ 
will be needed. This is one of the principal advantages oB modeling the human subjela^e 
reactions. , ! .^m 

One of the re^ranended measures to conserve energy Ip/ existing' buildings is^faisiflg 
the thermostatic -setting in th6 summer, and lowering dating the winter, without'any 
consideration to- fche. effect, on the'th^rm^l comfort of ^people occupying these buildings. It 
is also conceivable that these new thermostaticsettings might become tha basis' for design- 
ing cooling and heat tog systems in new buildings. Other measures need to be considered 
besides changing the thermostatic ^^etting. For fexample, raising the se^tting diWng the ^ 

^^^J"^ compensated -^f or by Increasing the air movement,- and changing the^othihg 
habits. Therefore, what is needed most at the present time Is tne identlticafcion ot those 
combinatiofis-of environmental factors (T^^^, T^^, RH and V), and clothing insulation values 
which can provide a reasonable degree, of thermal .comfort or a given level ^of work. The* 
identification of these combinations can be. achieved by the the;nnal sensation model dis- ( . 
cussed in the previous section. A few of these combinatitfns weVe identified in Fig. (9). 
Jhese lines were for air velocity cr.l5 m/s (30 f pm) . The determining factors l,n selecting ' 



any combination would be its energy demand ,^dnd the acceptability of, certain factors such 
the ait- velocity, and relative humidity of ^he environment;: I " . ^ , ' 
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Fig. (6) Lines of Constant Thermal Sensation ati one Met; 
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Fig. (7) Linie^^of Constant Thermal Sensation at- Two Mets. 
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Fig. (8) Lines of Constant Thermal. Sensation at; Thr«e Mets] 
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(9) Lines of Thermally Neutral Thermal Sensation at Different Metabolic Rates. 
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^"'^ Modeling the human subjective reactions canj,also play a significant part in making decisions 
regarding energy use and conservation in building design. HUl, |Cusuda,*Liu and Powell [15] 
nade a* feasibility study in which combinations of selected weather data for a selected locale ^ 
and selected building data were combined in a computerized therma^ simulation program called 
National Burjeau oT Standards Load Determination (NBSLD) , ^he output of which was a daily 
profile of Indoor conditions of the building over an Extended period of time. The ^' ^ 

frequency and duratioA of the various indoor parameteirs were th«% evaluated in terms of an 
index which was called the Predicted .indoor Habitability Index (PIHI).. The object of the 
index was to determine whether the , space should be air-cond±^oned or not. Conceptual J.y, 
,the PIHI , was described as a. numerical index »coverin^ a range of values that is consistent** 
with human comfort under the environmental conditions that^ are likely to 6e produced 'indoors** ^ 
as fL result of diurnal weather cycles outdoors, typical living functions, and a range of 
budding parameters. Several subjective and physiological indices were considered for 
determining the extent of indoor thepnal comfort for inclusion as part of the PIHI Index. 
•.Some of these indices were: old 'ET [16], Rqhles and Nevins [13], PVrt^of Fanger [17], 'new 
ET**[5], HSI (18], "and P4SR [19]. Each of these Indices has 'its limits of applicability in 
terms of metabolic production (mostly sedentary), clothing, dry bulb ai^d wet bulb tempera^', 
tures, and. air velocity. Figure (10) depicts how the feasibility study was carried out. 
«It is proposed here .that the thermal sensation mode}, discussed earlier, be used as ^the 
PIHIj^ex. On this basis. Fig. ^ (10) can be modified to Fig. (11). By integrating the 
weathS data', building data, and the thermal sensation prediction model into a computer 

' program, one can^predict the profile of indoor thermal comfort on a daily , weekly , or 

monthly basis during tjie Kfeating or cooling seasons and then decide what actions regarding 
controlling the environment within the building need tb be taken to insure the comfort of 
its' occupants. Such integrated programs can also be used during the design stage of a * 
building to select the best combination of building p\arameters (insulation materials, ratio 
of class to wall areas,, etc.) as well as environmental parameters witW*f*^he building which 
can result in the best en^gy usage, ' \ ^ * 



Selected^veather 
d«t« (dally pro- 
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Fig. (10) Approach of the Feasibility Study, Ref. [15]. 
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Fig, (11) Propolfed Modification of^the Feasibility^3tudy of Ref/ [15]. 
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' ^ ' V APPENDIX A ' . 

DETERMINATION OF THE WBGT IN TERMS OF THE ENVIRONMENTAL FACTORS 

FigOfce (A-1) shows a schematic view of the- wetted wick of the natural, wet 'bulb thennom- 
eter. At equilibrium, the energy exchange by convection and radiation with the surrounding 
environment is dissipated by evaporation. 'Therefore, > , *' 

where • . 

"^db * bulb temperature of /the environment, , * 

- = natural wet bulb temperature, *'K • . » 

"^mr " ^^^^ radiant temperature, ^'K 

.^^^ " emissivity of the surface of tbe^wetted wick 

^snw *" saturated water vapor- pressure at T^^ mm Hg ' ' 

h^ « convective heat transfer coefficient, W/m^.^'C • 



7 

h^ » evaporative heat transfer coefficient,, W/m . mm Hg 
RH relative humidity ra*tio 

'824 
a = Stefan-Boltzman constant?*, 5.6696 x 10 W/m^^'K 

' The convective *heat transfer coefficient can be calculated '*by • 

-nx » 42.024 V . W/m . . " ' (A-2) 

where V fs the air velocity in m/s. The. evaporative heat transfer coefficient is related to 
the convective heat transfer coefficient by 

* . ^ 

^e ' 2.2 h^ ^ . ^/(A-3) 

where 2.2 is the modified Lewis .relation *in *'C/mm Hg * 

Figure (A-2) shows a schematic view of the* globe thermometer. At equGlbrium, ad.th the 
surrounding environment the energy received by radiation i« dissipated by ^nvection. 



Therefore, 



where . . . " 

T « globe temperature, ^'K " - ' ^ 

g « » 

e » globe surface emissivity*^ «^ 

The convective heat transfer coefficient from the surface of the globe can be calculated by 

. '" 0.6 * 2 ' - • • * ^ * 

h^ » 15.889 V W/m . ' ^ w , ^^^^^ 

where V is in m/s. * * • 

The emissivities of e^^ and e are assumed ^qual to unity. To determine the saturation 
vapor ^ pressure Pg^^. and P , at ^ /and T respectively, the following equation, relating 
the saturation pressure of water vapor P/ (mm 'Hg) ' tofthe saturation temperature t (^'C) can 
boused ® < ^ s ^ 

2 .3 3 4 4 * 

f 6.168 + 0.0358 t^ - 0.55 x 10 t^ + 0.,1D5 x I'O" " ' (4-6) 



If the four envitonmen^al factors, namely, T,, , T ,.RH, and V are specified, Eqs. (A-;L) 
and (A-^) can be solved, by iterati9n, foi: T ^ and T from which the WBGT can be calculated. 
A computer program was^ written and is availaole *f or the solution of the governing equations. 

. In the program, the mean radiant temperature T was set T - ± C, where C is a^ 
constant which can be arbitrarily specified. Speci^ing in xhis manner permits solving 



Bqs. (A-1) and (A-4) separately by iteration- for T^^'^and respectively 



Env I ronm ent 

T 



'db 

RH 
Y 



Rad latton 
Conv«ct Ion* 




TH£RMOMETER 



Evaporation 



nw 



WETTED WICK 



Fig. (A-1) A Naturally Convected Wet Bulb Thermometer 




Pig* (A-2) The Globe Thermometer. 



APPENDIX. B 

V A SUMMARY OF THE TWO-NODE THERMOREGULATORY MbDEL, 

In this model, the human body may be represented by two concentric cylinders as shown 
in Fig. (B-1) . The inner cylinder represents the body core, which includes the skeleton, 
muscle, and all internal organs and has a uniform teiriperatiire. The outer layer represents 
the skin, A third layer may be added to represent- the clothing. Energy is exchanged be- 
tween the core and the skin through direct contact and peripheral blbod flow. _ This is 
expressed in terms of cpnductance KS,. Metaboli^heat production M*is generated in the core 
and it depends on the activity level. The core' also exchanges energy E^ with the envir- 
onment through respiration. ,The outer layer, the skin for nude and ^the clothing for 
clothed body, exchanges energy with^ the environment by convection and radiation. In 
addition, body heat is dissipated through evaporation, of sweat and/or water vapor diffusion^ 
through the skin. These principles are used to write the following passive^ystem equations. 

d T ^ 

M C — — « M + W- *E - KS (T - T , ) \ (B-1) 

cr cr d t ^ res ^ cr sk , - 

"sk ^sk JT^ = (^cr - -^sK^ ^ (R + C) - . ' / (B-2) 

where ^ 



M = core mass per unit body surface area * 2 

= 90% of the body mass per unit*»body surface area, kg/m 
M skin mass per unit body surface area 2 

r = 10% of the body mass per unit body surface area, kg/m 
C = averagexspecif ic heat of body core - 0.97 W.hr/kg.**C 
= specific heat of skin = 0.97 W.hr/kg..**C 
• T^^ » core tdmpe^^ire, °C 
^ u ' mean skin CempeT^ure, °C --^ * 

= time, hr ^ ^ \ ^, 

I r 



M = total metabolic heat production rate per unit body surface area^^^ - ^ • ^ ^ - 

= sum of basal metabolic rate (^l) , ^activity (M ^^), and shivering (M ,) if any, 

0 ace — r' sn 

W/m^ ^ . ' 

W = external mechanical work, W/m^ ^ . - 2 < 

^res ~ Sensible and latent respiratory energy «:?cfiange with the environment, W/m 

KS =-overalJ. skin conductance, W/m .*^C 

Esk ° total evaporative energy loss from the skin by diffusion and regulatory 

sweating, W/m^ 2 

R-*f C = dry energy exchange by radiation R, and convection C, W/m 

The. total heat exchange (latent" +, sensible) through, the respiratory system E^es be cal- 
culated by the expression suggested by Fanger tl7]. » — 

. E^^g = 0.0023 hi {kk (RH) P^g] + 0.0014 M (34 - T^^) ' . ' 

The fir€t term on the right hand sid'e represents the latent part, while the second term rep^, 
resents the sensible part. . . - ^ 

^The dry heat exchange .by radiation R and convection C can be calculated a& 'follows: 
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where 



h « the combined convectiv^ and linear radiative heat exchange coefficients, W/m 
f » the ratio of the sufface area of the clothed b^4:^ to that of the nude body 
-F^J « thermal efficiency factor of the clot^ng 



* T « operative temperature of the ambient, C , 

? h T^v + h t .\ , * 

^ c db r ^mr ' 

. * " h + h - ... 

h .h V » convective and linear radiative heat exchange coefficients, respectively, W/m . 
c r^^ * ^ • 

T "is the mean radiant temperature, and T,. is the ambient temperature in degrees Centi- 
grade, The con\?e*ctive heat transfer coefficient can either be estimated from the values 
suggested by Nishi* ind Gagge [20] for cer'tain laboratory exerciset or calculated from the 
formula suggested by Kerslake [21] : • X * ^ 

»* 

h - 8.3 * V, W/m^.^'c', V < 5 m/s - ^ 

c * * • 

where V is /the air velocity in m/s. The linear V^diative heat transfer coefficient can be 

estimated from the relationship suggested py Iberall et, al. [22]: 

h *- 3.87 + 0,031 T^^ , W/m^.**C ' • ' ' \ ^ 

* r mr 

. 5**C i T S 50**C , t ' , 

mr / A * , . . - . ^ 

The total evaporative heat loss from^the skin EgR, in W/m^ takes place by diffusfbn of 
water vapor through the unwetted area .and -by the evaporation of sweat: 



^sk - SW t (1 - WSW) E^^^^, if SW < E^ 

f 

E 

max 

where 



WSW " sweat wettedness = SW/E^^ S 1' 



and 9W is the equivalent evaporative heat loss- of sweat, in W/m\ and wilJifce determined, 
later. E^^^j %.^J* evaporative he^t loss due to skip diffusion [17]. ^ y , 

" Ej^« *-0.408 (P^ - (RH) 1 .'w/m^ 1 
all I S as. 

E is the maximum evaporative capacity from the skin surface to Che ambient and is given 
max . - 

by: ' \ * , 

. « 2,2 h^ [P^ - (RH) P_l / W/m^ / ^ . - • 

max c p<?ll s as . . . 



F - clothing moisture permeation efficiency factor [23] 

pel T ' 

— . h^ in W/m^'^R. 

^cl clo un s 



/ 



1 + 0,14?3 hi j.^. 
, , d cl 

p « -^tur^ted vapor pressure at T^^, mmHg 
as ' 

P « saturated vapor pressure at T . , mmHg 

8 1 
RH - reilative humidity ratio • ' , ^ 



( 



Three control signals, based on set-point temperatures In the skin and" body corp modu- 
late the thermoregulatory mechanism. ' These are the skin conductance KS,. thermoregulatory 
sweating SW, and the^ metabolic respon^re by shivering M , . These are given by the following 
expressions. * ' • 



KS « 5.3 + 



6.75 + 42.45 (T^ - 36.98) + 8.15 (T - 35.15)°>-^ (T , 33.8) 

" cr , cr sk 

1.0 + 0.4 (32.1 - T^^) ' ' 



W/m '^^C 



(B-3) 



and 



SW » <& 



- [260(T^^-36.9) + 26(T^^-33.8)] exp [ (T ^^-33.^8)/ 8. 5] 



sk 

1.0-+ 0.05(33. 37-T , ) 



sk 
2r.4 



W/m 



2 - 



(B-4)' 



where 



* « suppression factor due to skin wettedness [24] 
" 1.0, when WET ^ 0.\ - 

= 0.5 + 0.5 exp (-5.6 (WET - 0.4)], when WET > Ot4 

*" » 

WET » skin wettedness = E , /E 

sk( max 



and 



sh 



20 '(36. 9 - T^^) (32.5 - T^^) + 5 (32.5 - T^i^),W/m.^ 



sk' 



(3-5) 



(B-6) 



When "^cr A^'l*'^, no shivering occurs^ irrespective of the skin temperature. Such a situa-^* 
tion was-ajpntified as'the central warm inhibition effect, 'accordinR„to Benzineer f^l. 
AII4 braclSpPed terms in Eqs. (B-3), (B-4),and (B-6) must be positive. Negative values are 
assigned a zero value. After the control signals equations are introduced into*the passive 
system equations, Eqs. (BtI) and (B-2), they can be integrated numerically for small time 
increments (At » 0.01 hr) or small increments in core and skin tejnperature (O.Ol^O) which- 
.ever is smaller, with* certain initiaL values of Tcr and Tgj^, for anycpiabi«arfon of^nviron- 
'mental parameters (Tjb, T^mn RH'and V), clothing insulation Ic]^^.^afl3mQtabollc heat 
production M. The integration resuits give the variations iR/?cr ^nd Tgj^, wfth time and the 
associated values of WSW andKS. ^4 
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APPENDIX S 

A SUMMARY OP THE THERMAl' SENSATION PREDICTION MODEL 
the model- the following thermal .sensation scale waOapptedt 
ermal Sensation (T«~) -4 



category ; very - Cold (Tool SUgHtly Neutral • " \ 

• ' Cool • , \ 



Category 



-4 . 




-2 ' 


Very 


"* Cold 


(fool 


Cold 






1 


2 


3 


Slightly 


Warm 


Hot 







-1 



Thermal Sensation (TS ) 1 2 3 t a 



Very ' 4^, 
Hot 



TS-. [5.0-6.56 (RH - 0.50)] E3^3 ' ^ ^^^^ 

where. RH is the relative humidity ratio, and Ewsw Is a wettedness^factor defined By 

wsw - wsw^ , 

'^SW " 1,0 - wsw- ^ - , (C-2) 

-0 ^ . 

where < 



WSW « skin wettedness due to regulatory sweating 
■ SW/E , dlmensionless 

•ulax, . • J ^ 



WSW^ -tkm wettedness at thermal neutrality, dlmensionless , 

SSo^Lt'L'SaSd'S" thermoregulatory model- discussed In Appendix 

WSW^ - 0.02 + 0.4 a.O -*exp [-0.6(4eT - 1.0)]} 
where ' ^ 

; 58 , (C-4). 

M - metabolic heat production, W/m^ - \, ' : ^ ' " 

W « external body work, W/m^ . * . 

Cold thermal sensation (TS") can be predicted by ^ 

TS- - 1.46 E^^ + 3.75 e2^. 6.19 -E^^ . , / ' . (C-5) f V, 



(C-3). ■•.*•..• 
M-W' . - . • 



^vc ^ vasconstriction factor define! by 



KS^ - KS 



vc KS^~KS(.,j ^ (C-6) ^ • ^ 

5? ^f<.^!?K ^^^^^1^/^^:^ conductance given by Eq. ^B-3) of the ^o-node thermoregulatory model 
KSo i0;the overall skin condtTctance at thermal nT&fality and is given , ""°^^8uia tor y. model. 

KS^ - 12.05 exp [0.23 (NMET - 1.0)],,.'w/m2.»C (c-y) " 



ir- - 



r.v, 



Where ;NMET is defined by Eq. (C-4). KS, is ,th*^ overall skin conductance at .thermal 'sensa- 
tion very cold. (-4 on the thetmal sensaHoft scale)\ It can be calculated by 



KS(.4) • 5.3^ 0.261 (KS^ - 5.3), W/m^.^C 

At a gtven activity level and a set of environmental parameters, the overall skin conduc- 
tance KS can be calculated from the two-node thermotegulatory model in Appendix B. If 
P Z^^rn thermal sensation will be du the warm ^ide of the scale and can be determined 
by Bq. (C-i). If KS < KSo, the thetThaT sensation wilj. be on the cold side of the scale and . 
can^ba detertnined by^q. (C-5). Any detailed informatidn about the development^of this mtfdel 
can be found in reference [13], . 
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, ■ INDUSTRIAL HEAT STRESS MOljlTORING 

^ *' . Francis N. Dukes-Dobos " 

U. S. Department of Health, Education, and Welfare 
' ' Public Health^Servlce : 

Center for Disease control _ ^ 

National Institute for Occupational Safety and>Health 

Division of Biomedical and Bphavloral §clence .j 
Cincinnati, Ohio ^9 \ ' \ 

• . - ' \ ' \ 

When assessing the heat load which Is Imposed on a worker by his job, the 
method of choice will depend on the purpose for which iAs Information Is j 
needed. 'If the question Is whether the heat load excee«\the threshold-W*lt 
value (TLV) adopted by the American Conference of Governmental Industrial 
Hyglenlsts (ACGIH) or whether the jpb Is Jja compliance with the standards 
recommended by NIOSH or by the OSHA Standards Advisory Committee, the method 
to be used is the WBGT index. There are scJme important-differences, however, 
between the monitoring fequlrements in the. three documents which will be 
discussed, in .detail. * i 

Since work metabolism is fairly constant for a given job, once it has 
^been reliably established, no further monitoring* is required. However, 
since environmental c'otidltlons of the job-site vary with changing outdoor 
tempera'tures, environmental monitoring /has to be either continuous or at 
Ifeast measurements have to be repeatedfin certain Intervals. To eliminate ^ * 

the need for either continuous or repeB^^ve monitoring, NIOSH initiated studies 
for the development of mathematical modeJs to predict job-site WBGT values 
from outdoor temperatures. Such a model is of particular value when jobs have 
to be rated according to tjie heat load they Impose on the worker throughout 
a year. Thltf^lnf ormatlon Is necessary for studying the long range health 
effects of work in hot environments. 

If the question is how to reduce the-heat load most efficiently or if ^ 
human responses to heat stress are analyzed, monltprlng has to be performed 
by one of the physical heat stress indices. Several investigators recommended 
that Industrial heat exposure limits shall al§o be - expressed in terms of 
physical indices. However, this cannot be done until the permissible exposure 
^^a^lmifs expressed in units of these indices are validated foj all combinations 
.of environmental factors, clothing, metabolic rates and then^l«played "in a^ 
simple graph, such as^: the present TLV. The limits must also be validated itr . ^ . 
be safe for the workerepopulatlon, as*lt was done- with the WBGT index. 

Key words: Industrial heat stress; hear-stress monitoring; environmental 
monitoring; heat stress indices; metabolic heat load; heat stress control. 

INTRODUCTION ^ - 

. Industrial heat stress is defined as the heat load which Is imposed on the worker by 
hot climatic conditions of the work environment and by the .metabolic heat generated inside 
the worker's body. The assessment of the magnitude of heat stress to which a worker is ^ 
exposed 'on his job is a very difficult problem which is far from a satisfactory solution. 
The reason for t^ls difficulty is -that there are many factors which Influence the heat 
exchange between man and his environment and tHese factors^may vary a great deal with 
tlie and space as well as from one individual to t^he other. In order to. make this point 
clearer, a short review is presented here of the problem^wMcJi lay arise when measuring 
the environmental and metabolic. Heat load. ^ » 

' Env^nmental Heat -load . There are Jour climatic f actorsC^Jonttibuting to heat stress: 
air tempexiture, humidity, wind speed 'and mean radiant tempTerature. A worker s exposure 
to these 2ay change a grea€ deat , within a short period of ^Ime, particularly when .the 
characterTof his task is such that he or she has to move frequently from one plafce to 
another ot the climatic conditions of the job site change very rapidly. The Instruments 



avaUable fo\ measuring" the climatic factors, especially those for humi'dity and radiant 
beat, are not well suited to follow rapid changes. Furthermore, the readings of the instru- 
ments do not tell us directly thS' magnitude of the environmental heat load. They have to be 
inserted into mathematical equations in order to <3[^lculate the heat gain and/or loss by 
conduction, convection, radiation and evaporation. Itowever, heat exchange between man and, 
his- environment depfends greatly on skin tMiperat5;»cr^urf ace area, wet tedness, . body position, 
speSd of moi^ement and' clothing. All of thfese factors have a great intra- and inter- 
individual variability so that even if Ve could measure all of the climatic factors ^ 
accurately, tHS" calculated heat load would be valid 'only for the moment when the^ instru- 
ments were' read, and for 'a s jingle set of combinations of all the variables listed above. 

Metabolic Heat Logd , The amount of heat generated within the worker's body is the 
_ other component of heat .stress, and it may vary greatly as the work rate changes; it also 

varies frdm one individual to the other even if .performing the same job, depending on body 
^ weight, age,>sex, physical fit;pess and skill,*. In addition, even. the best methods ^ 

measuring work metabolism hfve an accuracy no better than ± 10% in skilled hands. 

Heat Stress Indices . In an effort to s^plify^the assessment of the worker's heat 
load, several heat stress 'indices have been Irevelopld which combine either* the four 
climatic factors or both the climatic aad metabolic -factors into a single number by using 
'equations or "nomogram^. The author's* of these heat stress indices claim„.that if a heat 
. stress condition is characterized by a certdin index value, tio matter in what propor,tion 
the climatic or metabolic factors contribute to the condition, the resulting p\iysiological 
strain will be identical** However, >in a recent well-controlled experiment, Wenzell could 
not confirm these claims for most of the heat stress indices, even while keeping wind speed 
instant and mean radiant t'empetature equal to air temperature. It is fair to assume that 
if wind speed and radiant heat .would also be treated as variables, the claim for i ^gpt ical 
physiological strain for each combination of climatic factors would be even less''t|Ml)le. 
Furthermore, the heat stress indices were derived ^om data obtained' from experiiie^ which 
did not. reproduce the complejt real life situation of an industrial workshop. Jirst of all, 
. the experimental subjects were highly trained young men whose physical fitness was above 
*<hat of an average worker population of hot plants; th€;y were dressed in gym shorts and 
shoes instead of^work uniforms; . the climatic conditions and work rate wdre kept constant, 
thus bypassing most of the problems encountered when measuring the climatic factors an4 
work metabolism in the real life .situation. As was pointed out by Belding,^ all heat stress 
indices are poor predictors of physiological strain when used under conditions which differ 
.sub&tantifi^lly from^those^ used in the^ experiments for developing the index. Gagge and Nishi^ 
' ^ rated? several empirical .heat stress indices according to the accuracy by which they can 
, predict heat discofafort^ and wettedness of skin in the average acclinAtized individual, but 
this by itself fts not W "most, important criterion *for the applicabilftij^f an index for 
industrial ,hek*'stres? monitoring. Other factors ^elated to ^he worker's heat exposure in 
industry var/feo rapiai? and> such a kreal extent that $ven fte most accurate pcediction 
of heat^atrain^Will be-yalld onl^f or a specific individj^l and for a short-lived situation. 
Simplicity of appiicatitn i^ aWh^mo^e iinportant. i?equ3^emeD|t in heat stress indices for 
industrial use. * ^ \ f ^ ' - ^ ' » 



other Investigators recotmi^ded assessing heat strain directly by measuring the 
workers' physiological responses cha%p»egistlc of heafe Strain, sBch as heart rate, body 
temperature or sweat r^te lllstead o^ mOni^rlng» the .climatic fccto?rs and work metabolism. 
Wfiereas such measurements are indeed most-\e%)ful tn-preyenttlng l)eat illnesses, they 
cannot be used in industry because tjie prs€ently available methods for monitoring physi- 
ological responses are not acceptable f or routine 'use "on worker^. Furthermore, ph^.lol- 
ogical measurements per se will not tell us anything ^bout the magnitude of different heat 
sources on the job site. ThUs, they_d6 not eliminate the need for the assessment of tHe 
climatic and metabolic factors, for developing- corrective procedures, 

/• , « 

• - ;in spite of their shortcomings, certSin heat stress IndWs can be applied for a 
-number of practical and scientific purposes such as develbpin^ guidelines for Industry to 
safeguard workers' health in hot jobs, for establishing workers' tolerance to different 
combinations of heat^stress factors and for determining the most efficient nays of reducing 
heat stress in specific j'obs. Each of these applications requires a different level of 
simplicity and accuracy, as well as different type J>f information. Let us. now examine 
which'o^ the available heat stress indices satisfy best tihe requirements of industrial heat. 
~ stress'monitoring. , , J _ 
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HEAT STRESS MONITORING^ f OR PREVENTION OF HEAT ILLNESS. 



Envlrohme ntal Heat Load , There are two different basic app^rjlphes possible for "the 
prevention t>< heat illnesses among workers of hof industries: on£ip to prescrjLbe limits 
for permissible heat .exposure levels; the othir is to specify cer'Hin preventive measures^ 
i.e. work^ptactices which have to be introduced in a workshop when the heat stress excels 
established levels. The first approach has been adopted by the SeriCan Conference of 
Governmental Industrial Hygienists (ACGIH) Jji their Threshold Limit Value^ (TLV) format 
strestf. Tire second has been followed in the recommended heat stress standards ofi^IOSH^ 
as well as of the Star^dards Adyisory Committee on Heat Stress (SACHS) ^. which was^onvened 
by the Occupational Safety and Health Administration (OSHA) in 1972., All the Aree above 
mentioned documents prescribe the use of the Wet Bulb Globe Temperature (WBGTj index^ for 
the purpose of monitoring the enviro^uHentai heat load. Other indices considered by the 
committees approving these documentfs were^the Effective temperature (ET){8 the Heat Stress 
Index of fielding and Hatch (HSI),9 and the Predicted '4 Hoflr Sweat Rate (P4SR).10 They all 
agreed to ^select the WBGT index because .-of its simplicity of applieati©n. The equations for 
calculating the WfiGT index are indeed vety simple: 



(1) 
(2) 



For indoor use:^^^^^GT » 0.7 NWB + 0.3 GT 
For out-of-doors use: WBGT « 0.7 NWB + 0.2 GT + 0.1 Dfi 
where NWB « Natural Wet Bulk Temperature / ' 

GT = Globe Temperature / 

Dfi = Dry fiulk Temperature 

m 

Another way by' which the use of the WBGT index simplifies environmental heat stress 
monitoring is that it does not require the measur^ent of wind velocity. ^It has been 
assumed that since both the natural wet bulb thermometer and the globe thermometer are * 
sensitive to air movement, the v/BGT index includes the cooling^ effect of increased wind 
speed satisfactorily. -^-^ However, Romero 's^^ experiments showed that the natural wet bulb 
thermometer loses its sensitivity to wind speed if that exceeds 250 fpm. Therefore the 
SACHS document stipulates that the threshold WBGT valu^ep. (above which preventive work 
practices have to be introduced) shall be 4 to 5 °F higher if the air velocity exceeds 
300 fpm as shown in Table 1, 
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TABLE 1 Threshold WBGT Values 






Workload 


Thz^eshoJ-d WBGT Values 
• Degrees Celsius and Fahrenheit 




Low air velocity 
(Up to 300 fpm) 


High air velocity 
(300 fpm or above) 


Light (Level 2). 

(200 kcal/Hr or below) 


f> 


32 


(90) 

ft 


Moderate (Level 3) 
f201 to 300 kcal/hr 


•?» — ^ — '-^^ 

* > 




(87) 


Heavy (Level 4) 

(Above 300 kcal/hr) 




29 


(84) 



This provision ht the SACHS makes industrial heat stress monit'^ring mope complicated because 
It requires either wind speed measurement or at least some rough estimate of the air 
velocity at the job site, Interestingly, recent experiments performed at the Pennsylvania 
State University by Eliezer Kamon under NIOSH auspices, cast severe doubt on the need for 
correcting the threshold WBGT for the effect of air velocity. The results of 'thetfe 
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experiments indicate that there seems to be no benefit to the worker in terms of physiol- 
ogica;L responses if the ffir velocity, is increased from 100 to 800 fpm in hot environments 
ranging from 27.2 *-C'(81.0 ^F) to 34.4 (9r^FlWBGT, with no radiant heat sources ^r* 
present. One possible explahation of these results is that the subjects in these experi- 
ments wore regular work uniforms, the type of clothing' worn by workers in hot jbbs. Such 
dotting acts as a wind buffer and reduces the air velocity substantially by the time it 
reaches the subject's skin surface. Thus, it is entirely possible that even thoughi*the 
wind speed was increased up to §00 fpm in the, test chamber, the air movement at the skin 
surface, never exceeded 300 fpm. If theseP results are confirmed.. in further studies, it will 
not be necessary , to Hise a correction for wind speed, and thus not have to estimate air 
velocity when* applying the-^JQgT index for heat stress monitoring. ^ ♦ 

The use of the natural wet bulb thermometer and the globe thermometer is quite time 
consuming. Depending on the climatic conditions the equilibration time may be as long as 
30 minutes. Olander^^ in Sweden recommends the use o£ an aspirated wet bulb thermometer 
instead of tlie natural wet bulb and an aluminum sphere or a balloon instead of the copper 
globe, thus reducing the time needed for a WBGT index assessment to 10 minutes* The only 
correction needed in calculating the WBGT index by use of aspirated wet bulb thermometer is 
that at air velocities below .100 fpm (0.5 m/sec) the WBGT index value has to be increased 
by 4 "^F (2 ""C). A lagtime of 10 minutes Is still very long for measuring the climatic 
factors in a workshop where the level of heat stress may change substantially from one 
minute to^ the next. To overcome this problem, the SACHS docma^t stipulates that in 
extremely* high heat exposures the workers should be permitted to withdraw from the heat 
whenever they feel that they may-become overheated. Furthermore, all three^heat stress 
standards-, (NIOSH, SACHS, and ACGI%JXV), express their limits in terms of time-weighted 
'average WBGT index values. According to the NIOSH and SACHS standards, these time-weighted 
WBGT index values will determine whether or not preventive measures have to be introduced. 
According to the provisions of the ACGIH TLV, the ^Ime-weighted WBGT values can also serve 
for calculating how much time has to be spent in the cooler areas of the workshop so as not 
^ to exceed -the TLV values for continuous^ work, as shown* in Table 2. 

TABLE 2 

Permissible He^t Exposure Threshold Limit Values 
Values are given- ±n *C and ih^-^^F) WBGT 









Work Load 




Work — Rest Regimen 




Light 


Moderate 


Heavy 
i 


'Continilous worlc 




30.0 (86.0) 


26.7 (80.1) 


25.0 (77.0) 



The NIOSH and ACGIH documents prescribe that in jobs with continuous heat exposure, the 
time-weighted average WBGT value has to be calculated hourly, whereas for jobs where heat 
exposure is intermittent this calcurat;ion has to be done for periods of 2 hours. This 
provision is based on the assumption that in continuous beat exposure, one hour may be 
long enough for a worker to develop a heat illness if the heat exposure Is at a level which 
does not force the worker to move away from time to time to^ cooler areas but high enough 
to cause excessive heat accumulatio'n in the body. _In intermittent exposure^* if heat^ accu- 
mulatron does occur, it will be slower, thus it will be safe to do ^the averaging over a 
period of two hours. The SACHS version, however, eliminated the requirement for calculating 
hourly averal^es in continuous exposure and prescribes for all hot jobs, continuous and 
intermittent, that the* averaging be performed for periods of 2 hours. The assumption here 
is that only in very rare instances would a 2-hour time-weighted average WBGT r.emain below 
the threshold values shown in Table 1 when the' 1-hour averagfe exceed^s these sAme threshold 
values. ' 

Xccording to the SACHS document, heat stre*ss monitoring is not mandatoi^y as long as 
preventive measures are practiced. This policy is supported by the observation-^^ that 
where workers are provided with adequate drinking water and supplementary salt, where they 
are given time to become acclimated before they are requir'ed to carry a full 'load of heat 



exposure, where they are given advice how^ to prevent heat illnesses and to take rest breaks 
' whenever they start to feel overheated, where the management is thoughtful of reducing the 
woijkers* heat exposure by all possible meatus, includi-ng* protective clothing and engineer Jaig 
control of climatic conditigns, in hot industries lik% this ^he occurrence of lieat illnesses 
Will be extremely r^re. ' 

If'hfeat stress monitoring. is required only for the purpose of determining whetherlor 
not preventive measures are required, the main problem of heat stress monitoring in most 
hot plants will be not so much the^accuracy of environmental measurements but the relation- 
ship between the climatic conditions out of doors and at the job site. According to the 

'NIOSH heat stress standard,. a WBGT profile has to be established , for each work pl^ by 
Jooiiijoring the climatic conditions of the jobs both during the winter and summer sofe to 
determine during which part of the year preventive work practices are required. After this 
has been accomplished, heat stress monitoring is required only during the hottest months 
of each year, i.e. in July and August. According to the SACHS version, heat stress 
mpnitoring must be performed during^ the hott^t two-hour period of the work shift, in order 
to determine whether or not preventive measu^s must be applied. However, as mentioned 
before, once preventive measures are observed, heat stress monitoring is not mandatory. 
The text of the ACGIH TLV does not address the question at all at what time of the day or 
of the year the envirotimental measurements, sfi^ll be performed. Mutchler et all5 •yjj^jg^ 
NIOW* contract develoi^ed a methodology tor assessing the relationship between the climatic 

^conditions out of doors and on-th^job site. This requires a minimum of 30 simultaneous t 
assessments of the climatic factor^ out of doors and at the ^ob site, fii order topredict 
the climatic conditions at the job site at a given out-of-doors temperature, one of 7 equa- 
tions have to be used, depending on the degree of difference between inside aid outside 
ambient temperatures specif it ^o that particular job. There are 'three regression 'constants 
in each equation which have to be caliulated from the slujulta^eous^'measuremetit results by ' 
multiple regression analysis. Subsequently, from the U. S. Weather Bureau reports, a pre- 
diction can be made concerning the dates when the job , site" t^p6rature may exceed tKe 
Threshold WBGT values, i.e. when preventive measures will have to be observed. Another 
Important application of this method is in the area of assessing the long-term health 
effects of employment in hot jobs. *In studies dealing with^ this problem, there is a need 
^of estlBjating the workers' heat load retrospectively over a period of several years. Thi? 
can be done by obtaining the U. S. Weather Bureau records and inserting the vallies in the 
appropriate equations selected in accordance with the difference between outdoor and job- 
site temperatures. , ' • * 

Lajst but not least, the prediction of herat load on the job site from the records of 
the U. S. Weather Bureau can be helpful in planning the energy needs for climate control 

^ industry" as well as planning for the increased manpower need in view of the 

necesrsary rpst allowances in hot plants. However, before this methodology can be recomn^nded 
for general use, its accuracy has to be tested in further field studies. Several Indimtties 
and investigators are already trying to use this approach, but the results have not yet ^ 
been publijgh^d. * . ^ - 

An alternative approadh for simplifying environmental measurements would be to develop 
a technique for personal heat str*ess monitoring. This would have the advantage that the 
instruments would be exposed to the same climatic conditions es the worker all- the tlme^ If 
fast responding sensors for measuring the climatic factors would be available, personal 
monitoring could give us a true picture of the workers heat exposur.e over the\ whole work 
shift. Studies for developing such a system have been carried on by Peters et a 1^*% under 
NIOSH .contract.* The approach they recommended was to develop miniaturized sensors for. the 
different climatic ^factors to be attached to thfe workers and the readings should be either 
recorded on magnetfc tape by a small recorder al*8o carried by the worker or teleoietered to. 
a nearby receiver. They prepared a mock-up model showing t\ie sensors >^tached t;o a safety 
heMet (Figure 1). Simultaneously, Gempel efc all' experimented with sRsford's Wet Globe 
Thermometer i in rubber tire manufacturing* plants. They ^ also fastened this instrument on 
the workers* helmets and found the obtained readings are'compairablg with stationary WBGT' 
measurements. However, in earlier studies ,at NIOSH, Sundin et al^^ found that the relation- 
ship between the Wet Globe Temperature (WGT) and WBGT is curvilinear with a correlation 
coefficient of 0.9755 (Figure 2). At different job sites where the WGT reading was 80 **F, 
"the simultaneously observed WBGT values ranged from 80 to 94 **F WBGT. Compared to other ^ 
single reading instruments described earlier in the literature, the Wet Globe Thermometer 
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FTflURE 1- Mock-up model of miniaturized sensors |or measuring the 
FIGURE 1. of the work environment in hot jobs. ,Tt,e 

sensors are mounted on a safety helmet. - > 



'has- the advanta^'of simpliclfy. and is ^^-^^-.iVoniaS^'l'he'i^^^ ' 
tool for Prell-^ -pl^Jory ;eas^^^^^^ ^^^^ i^.^odern . 

an instrument explored at NIOSH by Hugns -l^" '° instrument, it would be too complicated 
technologf would permit the <=o«f °^ l^^^^^? experrentL at ^the University of ^ 

and wipensive, for routine use in industry. Similar exp ^ ^ . ^ Hatch''^ 

PittsbLgh performed by . -C "agee - e « rant) ^utilized ^the^^ ^^^^^^ f^cients^ 

•Se^bSfglhS rL^sfSererr: number of problems still remained unresolved. . 

M..»t>olic Heat Load . The most accurate method for -^^fj^^At'^f 0^8- cfns'uipS^n. 
body during work and rest is i«f ""^^"^"f "^,|;;3^;:\2l TsTts oxygen -arid'carbon ftioxide 
This requires the measurement °f^^P^"'^^J^3^°',2^y"n hi3 back an air-pollecting bag or a 
content. .This »"^°<^ J^'^^J'^^^.'^^; ^^e "itrtJLw^^^^ mouth. A face mask or a mouth, 
gasometer connected through a ^^''^'',1%'"°^ "'l^^ a„ airtight connection. Wearing 

■piece with a n^clip has to be worn in '".^Jf "^L JeSstance o? the system, is 

luch equipment ^ breathing through J^^jJ^^J^f period of W. Furthernore, 

quiteburdensqme and th«cfore cannot be tolerated ^ • » P .^e body and with moving 
wearing the equipment in ^ot jobs interferes with heat^lo^^ areas .TkTheref ore, in order 
rapidly back and forth around furnaces and othpr ^xtremeiy n 
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FIGURE 2: Relationship between WBGT and WGT. Etch -point represents 
one simultaneous pair of measurements' in a hot industry or 
out of doors. 
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to det^ine the metabolic heat^ generated during a long period of time, the task^) performed 
have to be broken down intQ small components, such as standing, walking, lifting; carrying, 
machitU operating, etc. and the metabolic cost of each component has to be assessed. There- 
af.ter,\a time'ltudy has to be^erformed to determine how much time is spent during the 
workday with each component activity so that the hourly or daily metabolic heat load can b£- 
estimated. This . whole procedure is quite complicated, requires some expensive instruments 
and its- accuracy is quit^ limited because of the variable intensity by which each task is 
carried out and the intra- and inter-individual variability of metabolic rate as mentioned 
' above* , Therefore, none of the three heat stress standards (NIOSH, SACHS, and ACGIH TLV) 
•^requires the application of indirect calorimetry. The SACHS version prescribes rough 

categorization Sf -jobs into light, moderate, and h«avy workload, as shown in Table 1. The 
I ACGIH TLV menti(ons indirect (^alorimetry as one of "several alternatives for measuring 

^ ^ metabolic heat. The TtV lists several references to energy requirement tables published 
^ in the literature for estimating work metabolism." Such methods are mufh simpler but still 
require experience' to achieve an acceptable level of accuracy* (i lOZ). In unskilled Mnds, 
the scattering of the estimates can be as high as ± 30 - lOOX. A time sttidy is required 
to calculate hourly time-weighted average metabolic rates for continuous heat exposures. 
- For. intermittent heat 'exposures, the averaging has to be done for periods of two hours, 
similarly as with the time-weighting of the WBGT values. 

Realizing the cumber somenes^ and^ limited accuracy of all the available methods for 
assessing metabolic heat, .^he NIOSH he^t stress standard refrained from prescribing such 

^asurements. > Instead, it eetablishes fairly low limits* 79 °F WBGT for men and 76 F WBGT 
for'women to be estimated in t4rms of one or two hour time-weighted averages for continuous * 
or intermittent work, respectively. This limit applies only to deciding whether or not 

'preventive measures shoul^e introduced for a job. According to the ACGIH TLV, 79 F is 
the permissible heat exposure TLV for continuous work between heavy apd moderate levels, 
' as shown in Table 2.^ Since mostjflf tha>hot jobs are in the moderate or light work categori 
the 79 °F WBGT seems to be too restrictivje. Howler, it was the concensus of the review ^ 
committee that the resfrictiveness oj^- thip provision is well compensated by the f att that 
metabolic measurements are not required. ; ^ 

i * 22,23 , . 

The recommended Wer limit for womep was based on dat>*in the literatufe showing 

"that women have a high^ heart rate and body temperature than men when exposed to identical 
levels of heat stress. However, recent studies performed by Kuhlmeier^** under NIOSH auspices 
• shAwed that the -upper, limit (Of >he prescriptive, zone (ULHZ) of lieat acclimatized wom6n, £ 
working in hot jobs, is not li^^f icantly different from the ULPZ of men. In'view of thes^ 
' results, it miy not be necessar^to prescribe lower limits for women, if the limits are • 
used only for deciding when and wT^e to introdtfce preventive measures. Actually, the SACHS 
version and the ACGIH TLV do not have a different get of limits for women. 

~ Several hot industries Ijave available the "experts arid instrumeats for measuring work 
'metabolism and have in the past appliei these techniques for heat stress monitoring. For 
• these industries, it may be adyanYageous to abide by the,SACHS version ^ by the ACGIH TLV 
because they permit higher environin'ental heat loads for tooderate and light work. Further- 
more, once the work metabolism of a job has been measured, it does not. have to be repeated 
. ■ as long as the tasks to be performed on the job yemain the same. Recently, several direct 
reading, . self-contained. .portable instruments for measuring oxygep consumption became 
commercially available. ^5 ^hey are quite expensive,- but if their accuracy can be verified, 
they may be well suited for the purpose of monitoring metabolic heat load. 

^ - " Monitorin g for'^EngineftringrH^lTstress Control . When faced with the problem of how to 

reduce the ^rkers' heat lold most efficiently, it is necessary to know the proportion^that , 
the different climatic. and metabolic factors contribute to^ the. eicis ting condition. The 
, ' / empirical heat stress indices such as the WBGT, ET or PASS?" are not well suited ^or this ,5 
/ purpose/ Physical or aratioifil' indices such as the HS^ and -the operative. tenip»rature/-'-(T ; 
mike i/possible to calculate the amount of heat gained Or lost by an individual through 
diffetent heat exchange mechanisms such as convection," radiation, and evaporation as well 
. as by metabolic heat generation. If the results show that moat of the heat is gained 

through convection, then the most ef^e^tive way of reducing heat stress will be in lowerinff 
tH'^air tanperatlare. On the- other hand, if most of the heat; is gained through radiation, . 
then the. lowering of the mean radiant temperature will be more helpful. This can be 4one by 
' placin&'a reflecting barrier between the radiation source and the worker. -However, it is 
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even more useful to better isolate hot ovens or 'furnaces in "the worlcers' surroundings. This 
ifiiy require initially a large Investment, but in the long run, the pay off. is much greater 
because it. not only reduces the need for air cooling devices but also reduces the energy 
need for both air conditioning and the manufacturing process. ^ • 

' If the main .problem is high humidity, thg^ost efficient method of climate control will 
be ^ehumidif ication of the air by cooling., fflfcver, by using a rational index, it is possi-* 
ble to predict whether facilitation of ^weat evaporation by increasing the wind speed would 
be sufficient enough by itself t% reduce the heat stress. If this turns out to be the case, 
then , substantial amounts of ener^ can be saved by making cooling of the air unnecessary. 
Similarly, it is possible to calculate by a rational index, whether the worker can be kept 
in heat balance without excessive strain by making available near the hot job sites air con- 
ditioned resting cabins instead of air conditioning the whole plant* If this can be accom- 
plished, the energy saving can be tremendous. However, on the negative side of the balance, 
there will be some loss in per capita productivity due to the need for. increased rest 
allowances and also due to higher wages paid to workers who have to tolerate the discomfort 
and health risks connected with working In hot envir^omqgnts. 

Heavy physical work in hot environment is undesirab}.e not only because it causes great 
discomfort but also because the metabolically gener^teH heat imposes twice as much stress on 
the circul^atory system as the environmental hedt Xoad,^/ The method for reducing the 
physical work load is either mechanization or emp.loyipg more workers. The decision between 
the two alternatives should be based on the , availability of energy sources and manpower and 
economic payoff, , - ' ^ • 

29 

Recently -Cagge et al ^developed a new effective temperature scale based on a mathe- 
matical model of human physiological regulatory response. This new index not only corrects 
some of the distortions of the original ET scale but also "makes it possible to use a com- 
puter for 'estimating the heat load of a worker* and the most ef^^ctive way of reducing the 
heat stress of a hot job. . * ^ 

Several investigators recommended that industrial heat exposure limits ^hould also be 
expressed in terms of rational ot physical indices; however, for industry-wide use, they 
are too complicated at the present, as was explained before. Furthermore^ the ^rational^ 
indices are based on laboratory experiments^ on subjects not ^representative o^ industrial 
worker populations. In order to make rational indices applicable for a practical heat 
stress standard, permissible exposure limits would have to^ be established in terms of these 
standards, and they would have to be validated in^gield studies .of industrial workers,, in a 
fashion similar to that, done with the WBGT index. Furthermore, JLh^ estimation of these 
indices would have to be gr^.atly simplified and limits displayed in a simple table or graph, 
encompassing all combinations of environmental and metalbolic factors, as well as clotljing 
worn, encountered, in hot jobs. • " / \ * •» 
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ISTABIiISHMENT OF TI£E BOUNDARIES TO CC»!FORT BY ANALYZING DISCOMFORT 
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^ ABSTRACT 

The simple word "comfort" confounds a variety of social, psychological and physiological 
perceptions. Even if one delimits the comfort area to the physiological correlates of human 
thermal comfort, there are still a number of facets which must be addressed.- Physiologically, 
thermal comfort is an integrated system state, with primary inputs from the mean weighted skin 
temperature (Tg), the % skin wettedness and the temperature of the extremities (particularly 
T^Qg and Tf^jjger) and secondary inputs from alterations of deep body temperature (Tj-g) and 
lieart r^te (H.R.). These secondary inputs result from the body attempting to compensate for 
vj^e strain imposed changes in the resting level of body heat content (AS) by the enyironment 
"and work load. As one might exiJect, comfort exists across a range oi these various p&rame- 
ters, rather than at any single, unique, state point. It is easier to delineate the boundary 
between comfort and discomfort, or between comfort and performance decrement, than.it is to. 
delineate comfort per se . .^e following table provides some representative values for com- 
fort, discomfort and performance decrement levels, and adds the confounding factor that the 
comfort zone c^n be dramatically altered by clothing insulation (clo),; 
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COMFORT 




DISCOMFORT 


N 


PERFORMANCES * 


^A 


25.5 **C 




f (clo + RH) 




} f (clo + RH) 


RH/V? 


50%' 


• 


<5 mm Hg . 
>18 mm Hg 




• 


Wind 


<0.2 m/sec 




>4 m/sec 




>6 m/sec 


Eff. Temp. 


21.6 **C ET 




26* - 29.5 ^'C 


ET, 


>30 /C ET 


WIND CHILL 


200 kcal/m^ • hr 




>600 * 




f (clothing) 
♦ 




33.3\**q 


» 


31 *C 




30 ""t 


% Wet Skin 


<20% 




>20% 




>40% 


■^finger ^ 
' ^toe 


>21 **C 

« 

>lg.5 ^'C 




-<20 *C 
<17 **C 




<15 ^'C 
<13 ^'C 


re 


37 + 0.5 **C 




? 




1 >38.2 ^'C 
[<36.0 ^'C 


AS 


0 kcal 




+ 25 kcal 




+ atf kcal 


% H^O LOSS 


0% 




2% 




4% 4^ 


WORK 


100 kcal/hr 




>300 kcal/hr 




>425 kcal/hr 


H.R. 


60 - 80 min 
• 




>30/minf ' 




? 


Key Words: 


Clothiirg effects; comfort; 


h^at 


^storage; work 


effects 








52 


60 







\ 



n^h^r.^*'^!/*^^®®'' a great de^ of worR on assessment of comfort, usually by Wort v5te. 
Other studies have shown that>bjectlve Interpretations .of comfort are different fJom those 
of pleasant versus unpleasantT and different again from those of temperaturrsSSsat^on. lu 

^"/^^^^^y ^^l^^^d the Immediately preceding environment of the subject, wJJh a 
JhrdJ^'^M''''^ '''' m- pleasantness, comfort and t^perature sensation dep^nSS upon 
th6 direction of change from an existing baseline. c^cuuxug upoa 

™pnt M^?f 3* -^r^^^^v^" '^-^ definition of cqpfort has been that in a comfortable environ- 
-r^H ' "° ^ ! "^"•'^^y differences in comfort sensation associ- 

niw^^-fr ''"^ habituation as well as acclimatization, and perhaps Vith 

I«L»t to T ««^Physical condition. Thus, studies of ^omforrwhich merely 

attempt to dglne the zone of comfort have to decide at what point the normal variability 

ated with the season, the individual, and his .clothing, etc. diverges sufficiently to 
(4 1 1 ^ ^^8"i"<=ant departure from the comfort zone. In addition, the "pass band" 
(i.e. -the raige over which comfort is not significantly altered) 'is fairly wide not only with 
to temperature, but also hum-fH-frv. o-fy «ftt--frtri jj *. ^ J _ , __ 



of taken to this problem in my, laboratory has been rather different. Instead" 

In i define comfort and its associated ranges, we have looked at tolerance to heat, 

- ^ork?i^/"l- T "^/hus approach comfort along the other end of the axis; instead of 
working fro^ comfort to discomfort, we tfork from discomfort or limits of physiolffglcal tol- 
erance, where very dramatic changes in physiological status cab be monitored, and approach 
less severe conditions Thus, we interpret comfort as those conditions where significant 
physlologic|il changes do not occur. The argument used is that somehow the cessation of phys- 
V lologlcal alterations is easier to detect acd delineate than the onset of altered physiologi- 
cal status. This approach also involves an attempt to express the phxsical factors in the 
environments^ and the relevant physiological factors of the individjial, in fairly rigorous 
tneojetical physical terms. These are assessed by either direct physical measurement or bio-" 
physical aimillation, such as the .heated copper manikin, by subsequent development of predic- 
, tlve models df what the physiological responses would be to any given combination of work, 
temperature, fcumidity. air motion and clothing and. finally, by controlled physiological 
studies to refine and ultimately validate the biophysical models developed. 

Th±8 manuscript will review this approach. to comfort and consider the comfort equations • 
primarily frpm t^wo aspects, heat production and heat loss. We will reference the comfort 
sensation Associated witKtKe percentage of the body surface area that is sweat wetted, but 
the primary emphasis will be on the terms' in the -cli|aj{ic heat balance equation which specify 
Soi is*"^^ ^^%"°"8e (AS) should equal t) for "true physiological comfort. This equa- 

" y ^ " 

AS ° m. + qg + (R + C) - E ' (1) . 

' -^^V:^ " ^''^^^ metabolic heat production, qg equals solai? heat load if any. R + C -represent 
g|radiant and convective heat exchanges respectively, and E represents evaporative heat loss. 

In the usual resting situation, the metabolic heat production term (M) i« readily 
' ^ h'eat. production of 1 Met. defined as 50 kcal/m2/hr; roughly a heat production 

of 105 Watts for an average male with a surface area of 1.8 m2. on the other hand during 
work, heat production can b,e varied over a significant range, perhaps by an order of magni- 
tude of fifteen for ^hort bursts of activity. Thus, definitions o-f heat production can pose 
a problem in assessment! gf comfort. There are several approaches that can be used other than 
actual measurement of metabolic heat, production by the usual oxygen consumption measurements 
and calculations. Many tables exist which describe the heat production for almost all con- 
ceivable -orms of rfecreation.-work or other activity. In addition, we have explored this end 
of the heat balance equation quite thoroughly and can predict heat production as a function 
of the subject a weight, speed, the load he carries if any (and its placement), the > type of 
terrain he is covering, and its grade. Alternatively, when the work involved is not simply 
waXklng and carrying a load, and if we know the physical work of an individual (i.e.= foot 
pounds of lift work per minute) . we can assume an efficiency factor of about 20% if the indi- 
vidual is using his large muscle masses and convert the physical work to a heat production 
Barely by multiplying physical work (expressed in kcal/hr) by 5.' If only arm work is in- 
volved,- i.e. smaller muscle glasses, then we can, use an efficiency factor of about 10 or 12%. . 
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Thus, for well defined work routines, we.have a variety of approaches; either dltect measure- ^ 
menta, Or tables of existing values, or estimation as a function of speed, grade, terrain and 
weight, or estimation of the physical worjt Involved. 

On the other hand, In the udual Industrial situation, the Individual tends to set his- 
own pace rather than to work at a given rate. We have explored this problem and have deter- 
Staerthat, given reasonably good motivation, a relatively fit 18 to 25 year old soldier will 
tend't0 4)ace himself as a function of his load, the type of terrain and Its fade, so that 
the physical work will be regulated to give a heat production, at most, of about 4^5 kcal/ 
hr + lOZi This self-paced h ard work level seems to be relatively Independent At tatlgue, 
SbTeit emSiature, or tlmr^TdiTT but may be considerably, different from 425 ^calA^r fo^ ■ 
less fit older or female populations. The 425 kcal'/ht level for these fit young male Buh^ 
jects re;resents between 40 and 50% of their maximum work capacity and Is an Intermediate'^ 
value between the 600 kcal/hr rate which would exhaust them In abovt an hour If they worked 
at this rate continuously, and the 300 kcal^ rate which, again for this PoP^l^tion only, . 
represents ' only moderately hard work. These then are our various -alternative methods fo^ 
assessment of the 'metabolic heat production In our heat balance equation. 

The -solar heat load Is" not usually a major- consideration In Indoor , 
must Qf course be considered a prominent feature In outdoor environments. Without dwelling 
deeply on this rather specialized portion of the heat balance equation, 1 should merely like 
to indicate that solution of -this term involves knowing 3 terms in the radiant surround--the 
direct the diffuse, and the reflected terrain albedo radiation, and the surface area of the 
iSlvWuSl exposed to these three radiations in an XYZ plane, for a given individual, how 
SflirSce^ea is- changed by his ci:?thing. and the "Jf -J^S^^'^P^f^ t^^' 

clothing. We' have developed such a model. It appears to be able to predict the net solar 
heat load arriving at the skin within 5 of 10 Watts of that actually measured. Our major 
eSrt l2 S arL at the moment is directed towards resolving how 

arriving at the skin to metabolic heat production in terms of physiological effects. Surely 
the efflits -If solar heat are quite different from the effects of an equivalent wattage of 
meijSlc heft produced internally, but the relative proportioning and effects on ^kln temper- . 
atSe. rectal temperature, heart rate, sweat production, and evaporation^require elucidation.^ 

the heat loss side of the equation, let us consider t^e" radiant and con- 
-Conductive heat loss is ignorable in most practical cases since it usu- ^ 
y a Wry small surface area (e.g. merely the soles of the shies for a stand- . 
ing' irtdividual). White rigorous physical equations do exist for the heat ^transfer, between a . 
nude individual and hEs environmenta]JVr»^o"nd (^s a function of the temperature differences , 
:S vaJor p-Sssurf differences using'SSh sophisticated theoretical P^^^^J"! 
Graasoff and Prandtllnumbers) , no such Wyses or equations exist for the>clothed man. 
5Seed the JroSSs- of combined evaporatlyl and sensible heat transfer through- multiple cloth- 
£g SySs.'witb^heii: associated multiple, .layers of trapped still air. is one «=hat , currently 
defies rigorous -theorktical solution and will probably ^ontlnue to do so for ^JJ'^^' ^^^^^^ , 
Instead, to resolve tks problem we have resorted to, a biophysical analog, a Seated lif,e sized 
copper, manikin .which, when fitted with a thin nylon-cotton skin which can - 
water, can define not only the radiant and convective heat exchanges of a human through a 
given clothing systeW. but also his evaporative maxtouip beat transfer. 

One can measure the>tual change in body heat content using the classic relationship 
that there- is a mean temperature for the mass of the body, ^b./^^^lly defined as Jt - 
in lllV+ 2/3 Trectal) and that the specific heat of human tisdSes is a.83'kcal/kg • C 
•Thus tht^hange i"h at ponAnt (heat storage or AS) can be defined as: 



Tuming_next to 
vecclve heat losses* 
ally involves only a 



AS « 0.83 • mass '-AT^ 



lica 



(.2).... 



If we define the maai of a standard reference man as 70 kg, the simple '""Itiplfcation 0.83 x 
Yo Zvlies that a change of 58.1 kcal corresponds to a 1 'C change in mean ''"f .^^^P^f"" . 
(iTv). ..Thus we have a physiologically measurable quantity to use as the basis for heat stor 
age (AS) JLt^ the heatf balance equation (Equation 1) 



Having defined 
solar load problem 
pomorphlc copper 
as the -criterion £oi 



the 'metabolic heat production, and indicated an appro^ach to resolving the 
If necessary, it only remains for us to interpret the. data from our anthr6-,^, 
marlikins. for us. to be able to completely resolve the comfort equation, usiri^ ^ 
comfort that there should be no change in heat storage. 



W* have b*tfied this Interpretation upon the classic work of Gagge et .al . , who defined the 
clo tmlt^oflthermal Insulation as that Insulation which allowed the tAnsfer of 5.55 kcal/tn^ 
of surface area per hour for each 'C difference. h^tHeen skin and air temperature. We then • 
introduced, following Woodcock', the concept of the permeability Index (in) . This describes ^ 
Sr«tJo of the. possible evaporative heat loss to the maximum that could exist In any given 
S^i^Jt vapor pressure, envlroLnt. as a function of the dlffer^ce between the vapor pres- 
'««e of the skin (P„) and ambient vapor pressure (Pa). When this difference is converted to 
SviSnt Smie^at'e gradient u'slng'the physical relationship (Lewis relationship) hat 
1 tffliHg vapor pressure differential id equivalent to a temperature difference of 2.2 C. (as 
observed in the slope of the^wet bulb lines on a psychrometric chart), we can write the fol- 

tv^eSuJtlons for radiation and convection. H (R + C) and maximum evaporative (He) heart 
trSsf er?r^ the body, for our standard man with 1.8 m2 of surface area, as a function of 
the clothing (clo) and its permeability (1^,) s 



H (R + C) - 10 . 1/clo, • (X, 



10 



i„/clo 



(2.2) • (P. 



^a> 



(3) 
(4) 



Assuming * standard reference skin temperature of 35 (95 ^F) for a nude "^'/^ere is an 
«sSa?e^ Saturated vapor pressure of 42 mm Hg for sweat « the skin ' 
man Ve generally have found skin temperatures of approximately 36 C, therefore a8ao_ 
clfltid vatjor oressure of 44 mm Hg. It can readily be seen that, having established the skin 
^i^S«Iure (^d its associated vapor pressure) of men lira hot eivvironment , we can estimate 
r^SS^tion aJd onW^^^^ exchanges and the evaporative heat loss ^ 

perature and humidity, since equations 3 and 4 above give these heat P^^,„„J '^1,^^%^ 

Hr of vapor pressure difference between skin and ambient environment^ conditions . Thus ,^e 
define for a given uniform of measured clo 'and Vclo characterlstlx:s, the actual radl- 
aSonlS coSectlve heat transfers, and the nmimum- evaporative heat transfer possible in 
any given environment. . ' 

We now dfc define the '"Psychrometric Range"-' o 5 « given clothing system. The lower limit 

at rest Notl tSaf SL2SiJ^a«ilels the dry bulb temperatur^" llnei on a pBychrotnet-J 
SrchLt! ihe Spe^flmlt is a line paralleling the wet bulb temperature, lines W 
ric enai^t. PP temoerature and vapor pressure betow which an indl;»ldual having a 

^^-r«r^uSiS of SolcaJ/S a20rBro/hr)'ls able to eliminate 75% of it Dy a combination 
;r^awSon n?ufco25eSSn Li evaporation, when he is 100% sweat wetted (assuming roughly 
tLr25rirh?"^^^^^^^^ heat Produ^ctlon can^be io^J. ^-^1-^^^^^^ SSd^^f ^Sr^^^k) . 

?fi?^W^lf mS^^^^^ n V sh"i^ t?e%r1^^S:f pS^^^ range for an 

..This cdncept is illustratea "3" • . (loa-kcal/hr - 400 BTU/flt of heat production), 

SSlt d" o\S r^e'SLT^caS^^^^^^^^ radiation and convection, and at 

til thlat Production of 300 kcal/hr - 1200 BTU/hr), with the requirement to lose 225 kcal/hr 
im BTt/hr) by combined evaporative and non-evapojatlve heat transfers ^through these two 

• Clothing systems. * ' 

This concept Of psychrometric range is clearly an imprecise statement because^of the 
alterS^n^ the ins-Slation and vapor pefmeabillty of clothing with varied motion, the 
aiSS of ?L!bbdrco produce different amounts of sweat, 6o acaustomlze f "f 

* u !I !;orA»o and to alter skin temperature ar a function of state of acclimatization and 
of heat " ^^Jf it is Tvery useful-concept in. delineating those environmental 

. to a common P^'y^^"^"^ "i^""^.;, ^tiWly minor variation in the sweat wetted surface areas. 

• r^*^rdLS«ncr£eSeei Se So uSf or! e^embles is apt to be lost between this Immea- 
' ^-uf '^.iJ Sr-noW^aSaWUtri^ in sample Sftalyses. On the other hand; . 
- 'SiSd tS sSy oHier^^o theo^ clothing systems be conducted w.ell above the theo- 

Sl Upper Snge of StSr, then the. physiological" responses of-subjects wearing either 
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garment will be driven to their maximum heart rates i rates of rectal^tesperature change, and 
100% sweat wetted areas. Rather than studying the differences In uniforms^ one will be study^ 
Ing the differences In physiological tolerances ^f the wearers under extreme stress. The 
results will be relatively i^ttfependent of whether, with one uniform, the stress Is 130% of" 
the ma^imtmi^the Individual can bear or 115% with the o'ther. This lack of discrimination Is 
s^ovn In Figure 2, where the change In rectal temperature for men during a 100* minute marchV 
is graphed^t 5 different environmental conditions, expressed as the WB6T Index (WBGT » 
0*7 T^\y +0.2 Tq + 0«1 T^]))^» It can readily be seen thSt the 100 minute march cannot be co^ 
pleted at either of the two highest WBGT conditions and that the dlffereAe between the rec-| 
j!al temperature change with or without^ armor Is barely distinguishable. In a* similar manner 
although all subjects can complete the m&rch without difficulty under the lowest WBGT; condlf 
tlon, there 1^ again no difference In rectal temperature resnonse. The comparability of re 
tal- temperatures Is .achieved by ^ small, relatively Immeasurabft differences In sweat wetted/ 
body surface area. Only In the mid range, l.e« conditions which lie between the ppy chrome trie 
upper ranges' of the two uniforms, can one clearly see the difference of wearing or not wear- 
ing body armor. The advantage of the Fsychtometrlc Range concept Is that it allows the^scil- 
^ntist to select those conditions which are most likely to exhibit My differences ln«the / 
physiological responses of men wearing various cl^othing systems. XtKsOther words, the Inves- 
tigator can dramatically alter ttv^lgnal (data) to noise (variability) ratio In his study 
by appropriate selection of the environmental condition under which he studle^s^ given cljbth- 
ing system, based upon consideration of Its Insulating cl^ and vapor permeability Ijq values, 
as determined on the heated copper manikin. / ^ 



An example of this approach Is given in Tlgure 3, which shows the average change In' heat 
storage for 8 subjects walking at 29.5 "^C (85 **F) , 50% R.H. wearing either a full length plas 
tic raincoat » or the same coat cut down to 3/4, 1/2 and 1/4 length.' ^The copper manikin /val- 
ues, given at the right hand side of the. figure', were used to calculate that, at phe ambient 
temperature of 85 ^F and 50% relative humidity, the maxlmtim combined heat los& by radiation, 
convection and evapdratlon Is 142 kcal/hr wearing the 1/4 length raincoat. This Is reduced 
to 126 kcal/hr by the 1/2 length and to 108 kcal/hr by the 3/4 length raincoat while, yhen 
wearing the full ^length raincoat the wearer will have only a total 92 ^cal/hr of non 
tlve plus maxlmtim evaporative heat. loss. A resting , Individual, producing perhaps 90 
(105 Watts), should have no problem with heat storage; however, during work (walking 
there should ^e a distinct difference In the relative heat storages of men when they 
these 4 raincoat systems. The agreement with this prediction Is clearly demonstrate 
figure (cf. ^Ig. 3). With no heat storage at rest, there Is good agreement In the^r^nk order 
ing of the 4 raincoats as a function of their clo and l^/clo ratio rank order. Slmlfsr agree 
ment between the relative rank orde ring of clothing systems suggested In the l^/clo 
and the actual heat storages, ^s shown In Figure 4, for 7 men walking In a 95 environment. 
This . condition minimizes the differences between the clothing systems associated x^lph differ 
'ences in clo« In the absence of^ a significant skin to air temperature gr^lent, there will 
b^^ almost no radiation and convectll^e heat transfer. The heat storage ^men wearing the two 
garments with a 0.34 l^/clo are obviously Identlcal'^durlng the two wal^ periods, as^are the 
heat storages of th^ men wearing the two garments with 0.22 and 0.23 im/clo ratios/, at least 
for that portion of the time when enough of the subjects (small ^nuoibers In cli^les represent 
subjects remaining) are still able to continue.' The heat storage of these men^when they wear 
the 0.27 1^/clo ratio garment can be clearly seen to be betwe^ the heat storage ylth the^O.34 
and 0.22 garments. ' ' • « 



apora- 
ic^l/hr 
.t 3 mph)/ 
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Another point illustrated by Figure 4 Is our usual finding that 80 kcal of heat storage 
represents the usual limit of voluntary heat tolerance; I.e. the *'ouch" level at^. which our 
volunteer subjects usually choose not to continue to participate in the exposure. Obviously, >• 
if one can define the limit of voluntary tolerance, and add to It the'knowledg^ £hat subjects 
of this age and size who store approximately 160 kcal of heat in their body runf a 50% risk of 
being a heat ^haustlon collapse j:asualty, this jIMfermatlon, in .combination with the ability 
to predict heat production as a function of the ^^Ec and heat losses as a function of the 
clothing^ ^orms a complete sys^tem for prediction of tolerance time* Tolerance/ time can simply 
be defined as th& time to accumulate either 80, or 160 kc^l of body heat storage. ~- This time ^ 
is a. function of the difference between the working heat production 4nd the ambient environ- ^ 
mental *heat loss capacltieeT Similarly, evidence suggests that tKe thrAShblcr of discomfort ^ 
is an alteration of + 25 kcal of body heat storage; thus tha 9omfort,^zoiie can be 
as those work, clothing, environment combinations which do not alter body he^t storage by more 
''than 25 kcal. ^ v?? 
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One problea in this otherwise Ideal system Is that the observed heat storages, ^hlle 
almott always r-anklng In" the order predicted by the static chopper manikin values, very seldom 
actually equal the predicted heat storages. The observed heat storages are almost^always 
•significantly = less -Chan those predicted from tlv.e static copper man values. The difference 
reflects, the fact that clcy^^d 1^ change as a function bf the air motion. The air motion 
occurring in^ the studies are'usually different from those used daring the determination of 
the clo and on the copper -manikin, an* the subjects generate air motion while walking and 
wewtag the clothing. The change in cl6 and i„ as a funtftion of wind velocity can be readily 
determined by exposing our copper manikin in the wln'd tunnel while measuring clo and ija- 
Tfeese changas in clo and 1^ with wind speed are illustrated for a standard tropical fatigue 
uniform In Figure 5. # - ' ^ 

• The problem of dealing with the air motion generated" by the wearer while walking is more 
coailex. Studies have been conducted using naphthalene spheres set off the skin surface, but 
attached by bands to the skin surface. The rate of air motion across the naphthalene spheres 
is directly- determined by the rate of sublimation (weight loss) of the naE.hthalene while sub- 
jects wearing the spheres walk either on a regular flat surface or on treadmill. Treadmill 
w5lkinB obviously results in different air motion from road walking because of lack of tor- 
Wdprogression. This data is currently being correlated with Xhe effectlvfe air motion we 
calculate by assessment of the "effective clo and V' v^""'. ^^ich must have existed , for 
subjects wearing given clothing systems in given environments while walking at given^peeds 
S accumulatlnM-ffe heat storage. In essence, one uses the physiological heat s orlges ^d 
matches them against the aAsient temperature and vapor pressure differencestfo. determine what 
the effective clo and 1„ valSs must have been. The effect of the combination of wind and 
subjective air motion U expflssed in our models as a "pumping coefficient" an exponent which 
modifies both clo and 1^ as a function of what we-have chosen to call the effective wind 
velocity, Veff . This la the sum of the ambient wind speed plus a mathematical constant times 
the metabolic heat production generated while walking. , • ^ 

Using either measured or predicted heat production, and the clo, and ijn for a givrn 
clothing system as modified by .the pumping, coefficient, V^fiT/f have been able to P«dict 
both th! rectal temperature and heart rate response patterns for a ^"^^ J^if^ °J 
and recovery 8ver A wide range of warm to hot temperatures with low to high humidities. A 
aample of the agreement between predicted and measured rectal temperatures _^l8 shown^ In Figure 
jr^oSe can^see that the- agreement Is usually with 0.1 'C for the average, of a group of 8 sub- 
jects. '*t5S agreement between the predicted and measured heart rates is shown in Figure 7.and, 
again, the agreement is quite good, -usually on the order of 3 to 6 bpm. 

In summary, -our approach "to comfort is to use this well validated prediction .model to 
predict those environmental" cinditioy (i.e. those combinations of temperature, humidity,^ 
solar Seat load and wind speed) whicTdo not significantly alter either recfal^temperature 
or heart rate. Heat production, skin temperature, skin wettedness and heat storage^ can also 
be, predicted. This approach allo/s us to consider- comfort for almost any clothing, system 
2d S"?est-recovery combinat'lon: It is. we believe, a fruitful approach to the predlc- 
.??on^f difc-Lfort and to the establishment^f appropriate working conditions and aPP'^oP'^i"^ 
reSvery tlm^ Indeed, we feel that this approach to defining the discomfort boundaries to 
comfort is a valuable supplement, and of fer^ -several dis.tinct advantages over the usual sub- 
jective comfort vote eyaluafcion. 
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Abstract 

Various operational trials using tolerance criteria avail ablja in the literature 
revealed that predictions of physiological exposure limits were rarely compatible with the 
observed status of men in a wide range of hea€^stress and work .conditions. Computer 
integration of laboratory and indusyial-type dat^ led to establishing a comprehensive set 
of physiological crp.teria for tolerance limits appropriate to man at work within time- 
, weighted-mean (t )i metabolic rates from 76 - 126 kcal/C^n^^hr) [88.4 - 146.5 W»m'^]. These 
criteria and worlc rates were integrated with industria l -type heat stress conditions over 
t^e^twpt WBGT Index range of 82 - 130**F ,- ^4.41:^ J vhich resulted in developing the 

Physiological Heat Exposure Limits (PHEL) concept. Several electronic heat stress monitor- 
deviccjs were evaluated and employed in determining environmental conditions. In af^ab- 
oratory and field studies the dry- and wet -bulb and globe temperatures were recorded. < 
Physiological data were obtained at the same time as the environmental data. Although the_ 
physiological data obtained in the labor atory^ere Auch more b^oad in scope than in the 
field settings, the field approach included physical "characteristics of the subjects, body 
temperatures (skii| and rectal), cardiovascular^ (heart rates, and blood pressures) and 
metabolic-respiratory (O2 consumption, respiratory minute voljjone and respiration rates) 
data during rest and performance of dynamic work; sweaj^ rates were determined by body 
weight. changes wheQ feasible in the non-laboratcty trials. Coefficients for physiological 
factors in the heat stress and strain equations were automatically adjusted for physiolog- 
ical changes determined m the actual situations. Comp^ison of oyer 20Q sets of ^environ- 
mental and physii^logical data supported the PHEL concept and permitted more definitilf^ 
Identification ot material areas requiring corrective e ngine ering actions in the industrial 
type settings, fcorrective engineering actions based upon results t^f the data analyses J^ave 
permitted nearlyj a sixlFold increa's^*o^ the maximiim physiological exposure times; simulta- 
neously, the estimated cardiovascular reserve increased from 15%. to as much as 85% during 
routine work. ' » , ~ * ^ 

Key Words : -Heat Stress, Exposure Limits, Thermal Anal ysis 



Introduction 



Heat stress and strain have a, profound impact upon? man and^^industry. Regardless of 
the specific causes,, the immediate consequences of uncompensat^d-heat stress upon man are 
obseryed^a^ a/ ma jor- loss of man's performance efficiency and th#{ loss of work productivity 
time. It is generally kn6wn that excessive heat stress exposure^ lead to a progressive 
loss of perf(frmance capabil^^, powered resist^ce to some stresses, and iow retention of 
personnel. 

Estlablilshment of the Occupational Safety and Health Act of 1970 was a significant 
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stimulus for the civilian community to recognize the need for much greater awareness and 
initiation of corrective actions relative to neat stress problems. Lengthy deliberations 
were held by the- Steering Committee for the Occupational Safety and Health Administration 
(OSHA)« Numerous testimonies were given and a number pf drafts of a proposed U.S. Federal 
Heat ExposurVstandard were submi-tted to OSHA» The Steering Committee's final 
docigpent was submitted on 11 January 1974. The main intent of the proposed Standard 
cWStment was to provide guidelines as to when sound health practices should be introduced 
to protect workers. In the final dociSent it was clear that quest ibns regarding heat ~^ 
toliferance limits^remained unanswered. In other words, the proposed Standard was to serve 
as a basis whereby industry sKoul4 begin to institute sound health practices as the thermal 
environment a^d^rate of work be^an to impose ^traini^within workers;, conversely, the document 
did pot truly address tolerance ^limits where exposures and work rates would have to be ] 
terminated. A number of pitfalls in attempting to establish a more encompassing heat <expo- 
sure standard were recently presented and it is very likely that many of the limitations 
i|i the proposed standard have had a major impact upon the absence of a currently OSHA 
approved set of heat .exposure guidelines in this country.' , 

Progress in identifying and combatting the adverse effects of heat stress^ and attempt- 
ing to minimize the physiological* strain in men have been extremely varied over the years. 
It is r^eadily apparent that the total problem is far more complex j*hen research is confront- 
ed with^the jreal world of multiple combinations of, physical factors in the environment and 
the physiological capabilities of man, whether it is a civilian or military situation. Ttie 
majority of prior efforts were limited to studying only a few variables simultaneously* ^The 
technology-of-the-day did not penpt development of concise solutions to involved questions; 
the 'sScope of gener^^ly .us^d physiological variables was extremely narrow; and, occasionally 
some past research was influenced by subjective information. Exploitation of modem tech-^ 
no logy has increased the ability to integrate numerous research findings and to improve 
bilateral cross-dHers between laboratory and field efforts. It was through the use of the 
practical state-of-the-art technology today that_j:h^_questions regarding heat stress, work 
function and physiological heat exposure limits were examined. The product, in terms of 
what can be assessed objectively at this time, has been the demonstration that it is 
feasible to dramatically reduce high neat stress levels and obtain a marked improvement in 

physiological performance. * ^ « . 

* •^». <. ** " "* 

Physiological Criteria of Heat Tolerance. in Man 

. Studies of man's capacity to endure heat stress, or heat tolerance as used herein, * 
have utiliz^d^a wide range of upper limits for the same physic^logical parameters. The 
conventional physiological cfiterfa of heat tolerance have been associated with a range of 
heart rate (HR) values from 150 - >200 beats^toin"^. rectal temperature (T^e) from 38.0 
4(>,8**C, and sweat rates (SR) to 3,5 'iiters-hr"*^.^'^^ Furthermore^ there ,Kas been'the *'too 
late" ap 
. collapse 



late" approach of allowing"^ exposures to continue until personnel demonstrate imminent 
lapse or an ovei;t illness. * * , 

. It has been shown that HR, by itself, is a poor predictor of cardiovascular limits 
when dealing with various ag^s of*worJcers, rates ^f work, and states of physical condition- 
ing, and acclimatization. On a sound physiological basis it is not surprising that a 
HR limit cannot be well-defined as^ there are numerous offsetting cardiovascular factors " 
which a;re not illui^trated by HR alone. In occupational situations the sole use of HR may 
be of little significance relative to heat tolerance under'^.a variety of' conditions; 
HR may be altered by" the inflixence of items such as sodium chloride,^^ or may be misleading 
in comparison with other changes within the cardiovascular system. ^^>^^ On the other hand, 
Tre is subject \o various interpretatibns, dependent upon the rates of change, ^^^^^^^ 
and ^ thfe dynamics of other internal body temperatures are such that irt transiei^ stat;es 
is\he Ifeast reliable of the internal body temperatures to depict 'the more meaiui^fij^J^^s^ 
thermal status of man,^^>^^>^^ Also, the use of SR must be done with caution as there \- 
evidence that SR*s are subject to decrease in cpmparisori with high SR*s found early in the * 
total heat acclimatization profile, ^>^^ ajid SR*s are markedly /reduced with var|Jng amounts 
of sodium' chloride ingest ion. ' * ^ . ' . 
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Driven by a basic. common sense question regarding what are tolerance limits to heat 
stress over a variety of general work tasks, and an urgent need for a simplified method 
which employs factors essential for practical engineering a.ctions, a review of physiolog- 
ical data from over 160 experiments resulted in Table 1» Application o§ Table 1 required 
at least two objectives to be reached in order to define physiological heat exposure 
limits within m^; the most appropriate for laboratory and field studies are indicated by 
of "t" respectively. 



A Table 1 

Improved Physiological Heat Exposure Limits Criteria 



At Any Time During An Exposure: 

Heart Rate -s 
« 

* + Rectal Temp. 

* Tympanic Temp, . 

* Eso'phraigear Temp, 

* + Total Vascular Resis'tance 



or 
Cardio" 



Mental 



'3^ 



cular Reserve^^* 



15,^2 



>180 beats^min'^ 
|39,0**C o^^l.6^C'hr-l 

, ^39, 5t or l3.5^C«hr-l^ 
|40,0^C or l4.4^C'hr-l 

, =20% of Control value 

0% 

Disorientation 



II. During Sustained Physical Work: 
*.+ Systolic Blood Pressure 
* Electrocardiogr^ 



Korotkoff Sound Intensity 
Ventilation Equivalent 
Ratio of Oxygen Removal 
Mental 



=40 mm Hg decrease within 3.5 min. interval 

R-wa'^e height =1 mm of T-wave (usipg Lead I 
or Transthoracic) or T-wave Inversion 

>3-fold increase from Control value* 

|47% increase from Control value 

^33„% decrease from Control value 

Onset of euphoria immediately post-irritable 



III. Recovery: 

* * + Total Vascular Resistance 

. * t Cardiovascular Reserve 
Heart Sound Intensities 

Creatinine Phosphbkinase— 



)S^ 



<80% of Control value within 20 miir, posty 
exposure ^ 

<75% within 20 minutes post-exposure 

Sounds I and IJ remain >3-fold higher than 
Controls eVeh though Heart Rate back to 
Contro.l level * - - 

Blood level >1000 units 24-hours post- 
expo strtre ' 



* 'Wiese factors most common in controlled laboratory experiments. 

t These factors most common in field experiments where monitoring is less 
extensive than in laboratory experiments. 
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Selection of a Simplified Index of Environmental Heat Stress ^ ' ^ 

Earlier experiments in high temperature situations illustra^^ the diffic^ulties in 
using available heat stress indices to scale short to long exp(fsure ^iraes for men perform- 
ing a range of routine tasks in industrial -type environments. 7,8,18-^,26 U.S. 
Navy Psychrometric Chart for High Temperature Habitability Limits (NAVSHIPS 4767) had a 
potent^l of application, a series of experiments were conducted to examiive the validity 
of the NAVSHIPS Chart for exposures from 15 minutes to 6 hours. Results of^^he study 
clearly indicated that the NAVSHIPS Chart was able to provide reasonable agreement with . 
heat tolerance in the so-called "4-hour'*^ and "3-hour" zones, as long as no radi^i^t heat 
was present and the metabolic rate (KIR) was 'between 55 -^^4^W'm''|. However, when i:adian;t|| 
heat was present there was virtually no agreement with the "4-hour"^^and "3-hour" zones, ^ 
and absolutely no agreement with any time z6nes of less than three hours. Careful exain^- 
at ion of the original_Bureau of Ships files indicated that the limits for less than three ^ 
hours, in the proposed but unissued Chart, were based upon the original coefficients of 
the Bfelding and Hatch Heat Stress Index (HSl)^'^ and that men were dressed only in shorts,' 
socks and shoes; whereas, th^ "5,-*' and "4-hour*V zones were very wide and were based upon 
•data from me^ normally clothed. Obviously, the NAVSHlPS 4767 Psycjirometric Chart for 
l|igh Temperature Habitability Limits was unsatisfactory in dealing with combinations of 
radiant heat environments, was not suf fluently specif ic even in the absence of radiant 
heat for short exposure time, required a Broader range of MR and should have been consis- 
tent with men wearing normal working clothe^ throughout delineated zones, ^ . 

The HSI, with revised ?ot^1^ox coefficients, was a likely candidate for selection as 
it developed the rational concepts of evaporation required to mair^in heat balance (E^eq) 
and maximum evaporative capacity (Enj^j'in order to obtain the-HSI (See Appendix). Un- 
fortunately, even the new nomograms of McKams and Brief to estimate E^eq^Emax and HSI 
are much more complicated than a simplified chart for lay usage. Furthermore, using the 
improved coefficients and making colrrections for actual skin temperatures, numerous calcu- 
lations of the HSI revealed that the HSI values were either negative, implying mild cold 
stress when in- reality there was high heat stress, or the values were far beyond the 
ypper limit of 100. In separating ouf~ the factors within the HSI that may have been 
subject to further modifications, it was determined that; when the partial vapor pressure 
(Py, partial) of the air exceeded the corrected vapor pressure at the skin the^ value for 
Ereq became negative; in other wprds, a negative Emax in ^ig^ ^eat stress d^oted that 
the higher P^ partial of the air, water would condense on tha skin of man,-^ These results 
also meant that the HSI cencept was limited, in its current scaling^ terms, to environmental 
conditions where evaporative cooling (compensated he¥t stress) was presept. Rescaling of 
•the* HSI was considered unwarranted to fit environmental conditions of uncompensated heat 
stress, and tolerance times of less than 8-hour exposures, (Data relative to these 
negative and greater thari^lOO^values are given later in this text.) ^ 

r '% ■ . V . - 

Selection of the Prescriptive Zone (PZ)^>^^ relative to physiological heat tolerance 
an^ the physiological heat exposure limits criteria, as given in Table U 'was not appro- 
priate. ..By definition, tfte^Z is based upon 95% of an average population not exceeding 
a body temperature* of 38.0^C, The PZ* concept emphasizes the need for a nearly steady lev^r 
of equilibrium* in a wide range of climates. Above the upper limits of the PZ an increas"e 
in heat stress would result in a disport ion^te increase in cardiovascular Strain" unless 

increased beyond 38,0^C, As indicate^-previously,^*^, ^0-12, 18^-^0,26 ^eat tolerance 
limitis rarely can be defined by internal body .temperatures as^.dow as 38.0*C; tolerance 
limits must be judged by objective criteria which truly ,reflec*t the upper points (which 
are limits:^ rather than the points of departure fronw equilibrium . Data comparing "l-hoHr" 
and "'30-mipute" "heat tolerance" using the PZ versus iiSI and otljer indices of heat stress 
are' (Silscusfied later in this text/ ^ ' - * 

/ ~' ^ - ^ * - ♦ " 

/ . . "~ * 

^ ^ . ■• - ^ 
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Review of information on the Wet-Bulb Globe Temperature (WBGTy Index indicated that 
there were no less than six WBGT equations used in both theoretical and practical situa- 
tions. Furthermore, •reports of Yaglou et» al. , P and Yaglou and'ilinard,^^ did not specify 
which WBGT equation must be applied indoors. Although usage of WBGT^* foi' outdoors and 
^ WBGT^** for. indoors has been widely referenced "back to these reports, therp was informa- 
tion 32-33 that WBGTc*..*'* was applicable indoors with varying radian^t^heat levels and was, 
•the significant form of WBGT in establishing standard criteria for heat tolerance^ imits, 
.This latter approach' utilizes the integration of time-weighted-mean (twm) metabolife\rates. 
(MR) and twm WBCT^ with scaling for physiological heat tolerance limits, aS given in Table 
J, to permit practical utilization of essential, environmental factors for physiological 
tolerance limits, corrective engineering actions and rout ine^surveil lance of work areas in 
industrial -typ% situations. ) - " ' ^ \ I ^ t " 



Physiological Heat Exposure Limits (gHEI/) Chart \ ' 

Curve fitting of radiant 'heat research data obtained by tiie Heat Stress Division, 
Naval Medical Research Institute (NMRI) , revealed that the best fit curves were power 
regression relationships (r*s^= -0*985 and -0.998) between t^ MR's of men in normal work 
clothes, twm WBGTc and exposure time limits when the physiological -heat exposure ^.limits 
criteria (Table 1) were met but not exceeded. On an initial basis there were two tym MR*S' 
,(88.8 and 111.*^ W*m-^) and the majority of the 70 sets of data from 15 subjects for each 
^wm W within the t^m WBGT»s from 31?1 -^56.7'*C. At appjroximatejy the same time Royal 
Navy researchers® combined WBGTjj**** with -a continuous MR of about IfO W»m'^, but without ^ 
the presence of radiant heat. Resuljts of combining three phases of the Royal/^avy effort 
included a total of 87 subjects, 440 sets, of observations, and WBGTjj from 32.1 - 53.9°C.,^ 
Replotting the Royal Navy data revealed that again the b^st^it curve was described by a, 
power regression (r = -0.983)* One major difference between^the NMRl research and ihat o£ 
the Royal Navy was that in the NMRI studi,es exposures were terminated in accordance with 
the critapia associated with Table 1, wh er^gas , the Royal Navy researchers terminated 
^posure/^ the^oint of imminent collapse or overt illnesses. Another major difference 
t^>at the Royal Nayy studies "were based upon continuous work at a much higher MR than in , 
Mt^ MR method used by the Heat S.tress Division of NMRI. The Royal Navy goal was pre- 
domimitely directed to problem situations where emergency work would have to be performed 
continubi^ly at»a veiy«:high rate 9f energy expenditure. Xhe goal within the U.S. Navy was 
^ directed tbsa broddeif specti^viQUof* exposure times (up to six Jiours) with MR and ty^n WBGT 
values repres^i^ing a more normal range of envirjonment^a^and physical work conditions 
encountered in ^t^^ industrial -tvpe civilian and military situations alike. Noise levels 
in both the NMRI smSs^yal Navy studies were maintained at 90 dbA- In NMRI trials away from 
the laboratory the^sub^'e^s were required to wetfr standard stock hearing protection devices 
-when the noise levels exceeded 90 dbA. ^'^ 



Research was continued by ^h^Heat Stress Division, NMRI, and in September 1971 the 
Navy esjtajilished-tte Phystolgsri^ca^^^QSure,JJ.iai ts ( PEL) Chart for use in high temperature 
envirojMfients. It could be said at th^^Hme.^that the PEL Chal9S permitted determination of 
the^iAaximum physiological exposure limit sNl^l^ch if not exceededwouli^ermit reversibility 
of the physiological strain without detectaote^arm provided rest was allrow^ in a cool 
environment. The acronym T^EL came into generalNi^ge within the^Navy^^ untilTHdentical - 
acronyms also 4pp eared In 1973 the Environmental ro^tecti vie Agency initiated a^^Mi^ies of- 
Public Exposure Limits (PEL) covering ^a*broad scope or^<n^rcums*ances which did not in^tqde 
heat stress; furthermore, the National Institute of ^Occupational Safety and, Health (NIOShJ^ 
published Permjgsible Exposure Limits (PEL) ^i^September l^>3v^ In order to avoid con- • 
fusion in referring to the threfe identical ^acronyms, "the Navy, in^ov ember 1973, adopted 
the more appropriate title Physiological Heat Exposur^ Limits (PHEt>^^ The PHEL Chart, 
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wb natural 



)^ (0.2 TJ] 



** ^^b ^ tCO.fT^, natural):* (O.ZTJ]J 



*** WBGT^ 

^ - •••• wBGT^ = [(0.7 V'+"(0^3't^^)] 



g 



C f^^-^ '^db s*hiel-ded) t (0.7 T^^^ psychrometfic 



["ERIC 



69, 



81 



) + (0.2 Tg)] 



as of 1973, consisted of thfe previous U.S. Navy PEL curves of.l971-vith an additional curve 
for tym MR (146. S W*m-^) and extension of the t^m WBGT range to 51.7*C for all three curves. 
Clearly there is a difference between the U.S, Navy PEL or PHEL,.Charts and the NIOSH PEL 
concept; it must be recognized that heat strain will be readily apparent with the U.S. Navy 
* PEL or. PHEL when physiological heat exposure limits are Teached,.but the stra&'will be 
reversible if the limits are not exceeded. On the other hand the NIOSH PEL was designed to 
restrict deep body temperature rises to a maximum of 38®C. 

Following the original research design of six equal increments of twm MR from "76 - 126 
kcal/(m2.*hr)'» [now^^n, equivalent metric units of 88.4 r 146.5 W-m-^l th^e PHEL Chart devel- 
opment continued bpSbtaining exposure limit curves for 100.0, 123.-3 and 134.9 W-ra"^. The 
number of subjects, number of observations and other pertinent information^eg4rding each 
curve are summarized in Table 2 below, with equations for the r^snective PHEL curves given, 
in the Stress/Straift Evaluation Program (STEP-M2) Abbreviated injg||e>ppendix. As indicated 
previously, the twm WBGT 'range was 31.1 - 51. 7*C. ' 
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88.4 



100. (X* 



111.7 
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Laboratory Data 




Field Pata 




No. s^l^j. 


No. Obser. 


^ower Reg. 
• r 


No. Subj, 


■ No. Obser. 


Power Reg. 
r 


A ■ 


. 147 


*(t 


-0.997 
= 155.1063) 


18 ' 


66 


*(t 


-0.995 
= 79.6997) 


/' 26 

o 


' 132 


^Ct 


-0.998 
= 180.0070) 




• ' 52 


*(t 


-0.<^4 
= 64.2589) 


28 


.137 


*(t 


-0.997 
= 149,6623) 


18 


57 


*(t 


-0.992 
= 58. .2778) 


25 


^ 128 


*(t 


-0.997 
r 144.5875) 


- h 


48 


*(t 


-0.993 ' 
= 57.0198) 


: 17 


.67 


*(t 


-0.987 
= 49.3516) 


7 


^20 


*(t 


-0.978 
= 19,8907) 


11 


"46 


-*(t 


-0.989 
= 44.3516) 


5 


12 


*(t 


-0.975 
= 13.8756) 



^^^^^ 



* t Statistics from correlation coefficients, using Hewlett-Packard HPsiSS ' STAT 2-16A 
transposed for Hewlett-Packard HP-67/97; df ^ nobser. " 2; all t values signi||cant 
at p< 0.0001.. Ages of subjects -from 19 - 43 years; all subjects health cla|r 
as "fit for duty" and each subject , experienced in work tasks performed at 
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Utilization of aU of the data resulted in the equation PHELgpecific ^^^^^ 
Appendix ;(STEP-M2 Section) for t^m MR^s 88.4 - 146.5 wW^ and t^ WBGT«s 31.1 - 51.7 C. 
Comparing PHELs^ecific exposure times with the "Safe ExJJosure Times" given by Bell -et. al. 
indicated that the upper and 4ower 99% confidence limits of PHELgpecifit: are safe for 
>95% of the population of subjects; for >99% of the population the lower 99% confidence ^ 
limits.froiD'PHELspecific were safe, but the upper 99% confidence limits exceeded the 
classification ofV"safeV. . ^ ^ ' 

Figure 1- is the PHEL Chart as developed for operational usage and released in the ' 
♦revision of Chapter 3 (Ventilation and Thermal Stress Ashore "and Afloat) of the Manual, of 
Naval Preventive Medicine. 37 However, for practical situations which do not need all six 
of the PHW. curves, an abbreviated PHEL Chart was issued^^ which contains only PHEL curves 
I ("A">,' III ("B'O and VI ("C'!) ; th§ abbreviated PHEI^^Chart us also given in the Manual of 
Nayal Preve.ntive Medicine. - -.^ ^ 
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Curve I ("A")-forjt,fln"MR 88.5 W-m'^; Curve U for t„j, MR 100.0 If-m-^; jCurye 
fdff-tvfln MR 111.7,W'm-?; Curve IV- f or tvfln MR 123^3 W-m-^; Curve V for twm MR 
•W'm-?j and. Curve VI, ("C") fon t^i MR 146. S W-m-2. , • * . 
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- Statistical^comparison of adjacent PHBL curves I - IV, within the ty^ WBGT range of 
35 - 45®C, are presented in Table '3. Paired data from "field trials show ,that the adjacent 
PHEL curyes/ based'upon ihe physiological heat tolerance criteria from Table 1, are signif- 
icantly different. ' , , 



StatiV^s 



Paired t\ 
df ' 

P 



-feble- 3 



Comparison Of Adjacent PHEL Curves 



I vs. II 



IIvs. Ill 



1 — ^ ^"^^ 

In vsv^iv 



10.«489 7.9242 

33 \ 18 

<-0.0001 , <Q.0001 



6.4916 
19 

< 0:0001 



The serie^of intennitteru work-rest cycles in Table 4<3demonstrate the utility of the 
PHEL Chart within the steady stWe oxygen consumption versus physical activity descriptions 
given ia the ASHRAE Handbook of fundamentals. In contrast with^the intermittent .work- 
rest limits suggested by Esso Resi^arch § Engineering Co.,***^ a limitjed number "of calcula- 
tions using PHELspecific ^or lightX and moderate work showed jthat the large percent 
differences between the Esso approach and PHEL are related to the more conservative physio- 
logical limits criteria used by Essa compared to the^ criteria lipits in Table 1 of this text. 

Table 4 



Physical Activity **" 



PHEL .Qurvfes ¥6t Intermittent Work-Rest * / 

No. yinutes Work/No. Minutes' Rest 



Work 
O2 Con sump. ^ 
(L*min"^) 



10/50 



20/40 ^. 30/30 



40/20 



/ 



'50/10 



« S^tanding 

Avelrage Li^ght Work _ 

Upper -Light to 
Lower Moderate Work 

, Average Moderate Work 

^ Upper Moderate* to 
Lower Heavy Work 

Average Heavy Work 

Upper Heavy to Lower 
Very Heavy Work 

Average Very Heavy Work 

.Upper Very Heavy Work 



0.50 








0.75 




I • 


. II 


l.DO 




11- 


IV 


1.25 


r . 


III 


VI 


1.50 


II 


■ V . 




1.75 


II 


VI 




2.00 ^ 


• 

III . 






,2.25^ 


IV • . 




*■ 


.2.50 


^ IV.. 







III 

VI 



I 

IV* 



* Use of this approach involves the -selection of the closeSjt PHEL cufve representing 
'.the't^jj MR appropriate to. the work-rest cycle at tjje specified *level 'of physical - 
.activity. An alternate .approach is to use^PHELgpecific given in STEP-M2 of the 
Appendix. / . . 

<t AS' indicated in Table S of ASHRAE Handbook of Fundamentals, ' 
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Another important set -of comparisons with the PHEL concept i5" given in Table 5. As 
WBGT increased 8-11 percent and MR remained the same it was 'expected that heat ^ 
tolerance times Mould decrease and cardiovascular strain .would increase, or cardiovascular 
reserve would decrease; In Table 5, due to changing the environiogntal temperatures^ WBGT 
increased Hithin each set of physical activities, the PHEL decreased and .estimated cardio-. 
vascular reserve^ (CVR) decreased; therefore, the stress increased and the strain also 
increased. However, the work of Nishi and Gagge^^ to predict both comfort and heat toler- 
ance through use of the ?Z does not agree with the above expectations. Although a deep 
tody tempera^ture rise Jimit of 38.0'C for the PZ may be practical for instituting sound 
health practices of a preventive nature ^uch as providing drinking-water, etc.), as environ 
mental temperatures increase (like that; in the proposed OSHA Heat Standard) ,^he limit of 
38.0'»C again does not define heat tolerance limits of man. Furthermore, as previously 
noted relative to tife HSI, a negative HSI does not necessarily. mean the presence of "mild ^ 
cold stress". ' v 

Table 5 

"1-Hr. Heat Tolerance" Using Prescriptive Zone *^ OtTier Comparisons •** 



' Activity 


Tjv s 
*db ^ ''g 


Tv^b^ P 


w partial 




HSI 


WBGT 


PHEL * 


CVR 






rc)^ • 


(Torrj 


(%) 






(hr :min) 


\ "J 


Sedentairy • 


' 35. 4^ 


35.4 


43.1 


100 


^ J32 . 1 


35.4 


5: 


10 , 


56 


(58.2* W-m"^ 


'42.2 - 


34.8 


. 57,9^ 61 


137.9 


37.0 


4: 


00 


52 


♦ 


47.r^ 


**34.3- 


33.7 


. 41 


^ 75.9 


.3$. 4 


3: 


20 


48 


Light Work 


34^.3 


34.3 


*-40.5 


100' 


-57.3 , 


.34.3 


2: 


50 • 


45 


• ai6.3 H-m-2) 


41.7. 


33. '8 


35.4 
« 


59. 


82.8 


36.2 . 


2:05 


40 




• 46.9 


33.3 


Si-. 4 


40 • 


62^3 ^ 


37.4 


, 1: 


40 


37 


Medium Work 


34.1 


34.1 


*5o.i 


. 100. 


-85.7 


34.1 


0: 


10 


32 


(174.5 W-m-2) 


41.7 


33.8 


55.4 


59 


88.7 


36.2 


0: 


05 


26 




, 47.. 2 


33*. 4 


31.5 


■59 


66.5 


37.6 


0: 


05i^,. 


tl 


"30-Min. Heat 


t 

Tolerance" 


Using Prescriptive 


Zone * 










Medium Work 


34r9 


34.9 


41.9 


V 

' 100 


^55.8 ^ 
157^.9 
89.0 


^4.9 


0: 


10 . , 


30^ 


(174.5 W*'m"2) 


' ( 42.2 


34.8 


37.9 


^ 61 


37.0* 


0: 


0?' 


24 




48.3 • 


34.6. 


34.2 


40 . 


38.7 


0: 


05 


19* 
















• 


























f ♦ Adapted from Nis^ii 


V 

and Gagge. 

















*♦ Using STEP-M2 Abbreviated (See Appendix), with PHEL's rounded to the nearest 5 minb. < 

Relative humidity, as obtained from STEP-M2 Abbreviated, 

Jlote^ There are considerable differences withiii the literature as Jo definitions, of 
* physical activity relative ta MR, therefopCiefvthe'jMR's given in this table are 
those appropriate to uses by Nishi and Gagge. PHEL's of very short lengths of 
time^are comparable with Bell et. al.*® in the sense that the PHEL's would be "safe 
for 93% of the population of Itnacclimatized, fit exposees^ 



Initial Field Surveys and Development of Analyses and Coryective Programs 

A series of 15 special %ield* surveys wer^ con<iic€ed in industrial-type environments. 
The operational objectives of the surveys weore to d^ermine the range of thermal conditions 
to which workers were exposed, the magnitude of physiological strain during routine work* in 
th'ese environments, and to attejnpt to identify primary problem areas where corrective 
engineering actions could most significantly minimize* high levels of heat stress. In 
order td permit comprehensive. ajad^^^more, expeditipus^biiitoring of the environment and physio- 
logical parameters a number of techniques, developed originally for, laboratory teseafch, 
were introduced into the field surveys. Critical data from the. 15 initial surveys are 



summarized in Table 6. • • 






^ Table 6^ 








Average Range 


.Maximum Range 


\ • ^ 
Environmental Factors: i 






Dry-bulb Temp. (-CI 


,46. 7 - 55.0 


65.6 - 73.9 


* Wet-bulb Temp. (^^C) 


29.4 - 53.9 


40.6 - 73.5 


Globe Temp. (^^C) ^ 


63.3 - 67.2 


68.3 - 82.2 


Effective Air Movement Over Men (m/sec) 


0.10.- 1.78 


1.78 - 7.62 


Mean Radiant Temp. C*C) 


7S?6' - 8^.0 • 


- 87.2 - 106.7 


Partial Vapor Pressure In Air (Torr) ^ . 


^7.6 - 53.9 


lf.9 - 82.0 


• Relative Humidity (%). 


, 14.9 - 68^9 


6.2 - 100.0 



/ 



Physiological Factors : ' # 

Mean Skin Temp. <rf Men- CC) * 38^8 - 41.6 41#9 - 45.4 

Rectal Temp. (*C) ^ 38.6 - 39.3 39.4 - 40.2 

Heart Rates (beats^min"^) 147 - 176 ^" 180 



190 



As has. been presented ih this text, there are many combinations of envir^jppiltSl and 
physiological factors which can be used to obtain practi calmest imat'es of environmental 
/ stress and'to predicjt *the impact of heat stress upon and within man. Fortiinately, the 

computer programs SPEEDARD-I and -II* have been* in large scale usage**^ to integrate heat 
stress and strain data. "These programs, designed for bulk data processing in a Univac • 
. 1108 at the National Bureau of Standards, w^re reviewed and markedly condensed to provide 
the most significant 20 outputs for these special field iurveys. The resultant SHIP-6/4 
program, requiring only 7 inputs » was modified for operation in a Hewlett-Packard HP- 65 
. P^ogramni^ble Pocket Calculator .^^ SHIP-6/4^as ^fadually improved as thei^e were needs for 
more descriptive information as the surveys pro.ceeded. 'The most important change, prior 
J to.designing the third generation program STEPV, was to develop the equations for 

estimating mean skin temperature (Tsk) and rectal temperature (Tye) from 213 sets of data 
(See Table A-1 of the Appendix); An turn, the estimated Tgjc was used as a means of better* 
correcting radiant (R) and convective .(C), heat transfer, ^eQ> Emax'^nd HSI. .Furthermore, 
cardiovascular factors monitored in both laboratory and fiela studies, within the heat 
stress ranges noted in Table 6>Were selected for their value in STEP programs. The /, 

^techniques for monitoring the cardiovascular factors, steps, to carry out the neqes6ary ^ 

% calculations, and meaning of the products hav#been presented elsewhere -^^'^^ The- 

pertinent aspects rel^ative to t^^ MR»s from 50.A'- 146-5 W-m"^ and t^ WBGT's from ,19.8 
49.7*C are presented in the Appendix (Tables A-2 - A-§ and STEP-M2). Therefore, in the 
^ ^ - > , ' ^ 

^^T^*^ ' '* Unique' computer programs wigjj^n the Heat Stress DivisiThv_^^^* 

** STEP ia the master program used to develop STEP-M2 Abbreviated as given in the Appendix, 

SERIC • . < . 



filial^ development of the STEP series, of pr6grams, for the^ most advanced, programmable, 
self-contained, portable calculator*, the cardiovascular factors were, incorporated with 
'heat str^ess analysis equations such that. one could easily obtain practical estimates of 
environmental heat stress and resultant physiological strain. To assist the many requests 
for the now obsolete SHIP-6/4 program written for the HP-6§, and the increasing number of 
requests for STEP-M2 Abbreviated, the HP«97 program is given in the Appendix for STEP-M2 
Abbreviated* STEP-E2 is the same as STtP-M2, but 5TEP-B2 is written for mixed English and 
metric inputs and outputs. Another advantage of^ the STEP programs is the section which 
permits, calculation ^f maximum allowable exposures (MAE) for noise leVels without hearing 
puot^ection; as noise levels were monitored in all^heat stress surveys, this- portion of the 
STE^leprograms became very -important ' - / 

Key to analysis <>f heat stress data from stirveys is ^he quality of the heat stress 
data ()btained from the^industrial-type. environments. Therefore j^^go, series of evaluations 
were conducted to Jind a simple, light weight, fast response, s^H^lec\ronia device which 



measures and displays values for Ty^i,, Tg and air velocity wWRin desired accuracies 
while exposed to dynamic heat stress conditions,**^'**** Over the range of temperatures to be 
encountered and the types of h^rd usage and shipping constrairfts^ there w^e five such . 
devices^* evaluated in chaining environmental situations', as viewed by the^ devices. In 
reality, there were fixed environments of different T^j^j, T^^,, Tg,and air irovements which 
the electronic monitoring devices were moved into an4 out 6f for 30 minutes or more. From 
the standpoint of T^j^j and T^^^j sensors absorbing radiant heat, the Bendix units wer^ the 
most influenced and^the Reuter-Stokes units were the least influenced by the radiant li eat . , 
Hrom the standpoint of fastest Tg response, the Reuter-Stokes devices were the most com- 
parable (within less than three minutes) with the values obtained from a Vemon globe that 
had been in position for 30 mimites.or more. The electronic device which best met the 
defined performance needs**^^ wa^ the Reuter-Stokes digital display unit that had Seen 
biiilt as-part i)5 a six- sensing head monitor sys^fem. " ^ 

A composite of the environmental and physiological findings from the special heat' 
stress surveys was |fcsembled and subjected to critical review at various levels of policy, 
research and development, and operational supervision. This led" to the formulation of a " 

,high temperature/heat stress correction program which was^ divided in^o seven major cate- 
gorifes; maintenance, medical^ design, development, education/training, emergency ventil- 
ation groblems, giid related topics. Each of the categcJries had a nuniber of sub -elements 

, to accompjlislt the objectives of th^categories. the most decisive phase of the total. * 
program was to determine if a routine engineering overhaul was sufficient to minimize the'^ 

-heat stress and strain or if additional corrective engineering actions were required. 

Three separate industrial -type settings jwere used to compare the impact of routine ^ 
overhauls and the additional corrective engiiftering actions. Settings No. 1 and No. 2 were 
alike in terms of layout of machinery, ty^es o'f machine^ry. and operational status. Setting 
No. 3 was documented to be the highest heat stress industrial -type setting found during^the 
special heat stress surveys. A genera-l comparison of what was to be done is ^iven in / 
Table .7. The emphasis of the additional^ corrective engineering actions was to ensure tnat 
steam leaks were reduced as much as possible, that the majority of heat radiating surfaces 
were sufficiently insulated, and^that there was a more effective delivery of ventilating 
air to WorlC sites and improved exhaust of air from the. areas. These actions were under- 
talcen to produce a combined effect of increasing the economy and performance of both the 
workers and the equipment. Followup'evaluations, after returning the Settings to full 

" ^ ■ I ^' ^ 

* Hewlett-Packard HP-97; for HP-67 operations delete S.PC steps and/it is recommended thaf 

R/S steps be substituted for PRTX steps. - • | ' / > . ' ' . ■ 

Light Laboratories Min-Lab 3 (England), with anemometer; Bendix WBGT Meter (mahufac- 
^Jurel 1972), finely adjusted prototype with arfemometer; Bei^ix WBGT Meter (manufactured 
1975), -pre-production unit without anemometer; Reuter-Stokes RS9-211 Analog Readout, 
commercial grade without anemometer; aitd Reuter-Stokes RSSt,211 Special Digital Readout 
unit [also known as the*NMR^D MK-I/S(LED)] , a linearized unit ^with anemometer. 
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operation, were scheduled at approximately ^ix month intervals for no less than one year. 

• Table 7 



Industrial 
Setting No. 



Basic Approach 



To xeceiv-e-a routine overhaul and completion of 
pr^iously scheduled alterations. * 

To receive>a routine overhaul, completion of the 
same previously scheduled alterations*as Setting 
.No. 1, and accomplishment of addition^corrective 
engineering actions^ (Setting No. 2. was used for 
the most direct comparison with Setting No. 1) 

To receive a routine overhaul, completion^f 
previously scheduled alterations, and accomplishment 
of additional corrective engineering actions. 
(Setting No. 3 was to serve as a means of evaluating* 
the bendlits of the additional engineering actions 
in what hl^ been the highest heat stress settirtg 
found* during the special- heat stress suirveys.) 



1 

Present Results o^ EngineeSring' Actions to Mitiimize^High Heat Stress , 

Comparative environmental and physiolcTgical data fi-om followup evaluations for* the 
corrective action program in industrialnype Settings No. 1 - No. 3 have revealed signif- 
icant reductions of high heat stress and physiological strain through a comprehensive 
approach to the. total problem, rather than pursuing routing ovejbauls in anticipation that 
the overhauls alone will. significantly minimize heat stress. iTable 8 clearly shows that it 
was possible to« decrease the level of heat stre^, even in the worst thermal stress situ- 
ation reported here, to the point where routine maintenance could be condupted much more 
efficiently and a small reduction of heat stress continued over a one year time after 
restoring th$ Setting, back into operation. ' • 



* ^ Table 8 \ • ^ 

Averaged Data from 14 Sites in Setting No. If 

Environmental Factors Pre-Correcti^ Pos^-Corrective Actions 

an4 PHEL's Actions ^ ' 6 Months ' 12 Mfagiths * 



Tdb ("C) - ^ 53.9 ^ ' 37.1 39.6 

Twb ("C) : US • • > , *26.*8 * 27.0 . 

Effective Air Velocity - • ^'^^^ ' '.l^^lAl ' 1.27^ 

Over Workers (mysec) ^ ^ - - ' 

• * C^C) ' 102,5 ^ ' 53:9 \ ^ ^ 43.3^ 

■ •Pw'paVti^l '('^^^^ : ' ' ' . ^^-t ^ 2^-.^ 

t^ I/BGT C^C) . ' ^^1-3 31.2 

PHHL's for t;^ MR»sr- (hrstminsy ' • ' 

88.4 W*m-^ * ' ,1:?.0 '7:10 7:lp^ - 

0:20 • 2:10 2:1Q 




Suinmarized results of PHEL values,. body temperatufes ajid cardiovascular factors are 
presented, in Table 9 for all thifee industrial*- type srettings. This information clearly' 
indicates the value of a comprehensive approach to heat stress rather than expecting 
routine engineering overhauls alone to combat high heat stress. * 

Table 9 























^ Setting 
No. 


Corrective Action 
Phase / 


PHEL (hrs;mins) 






Cardiovascular 


Factors * 


Normal 


Maximum 
^wm 


rc) 


('C) - 


HR 
• • 


SP/DP 


MAP 

\ 


CVR 


2 


30 Days Post-Acldon 


• 8:00 + 


6:00 


34.6 


37.8 


98 


138/77 


95 


. 83- 




'6 Mos. Post -Act ipn 
12 Mos. Post-Action^ 


8:00 + 
8:00+. 


^:00 
3:40 


34.8 
'35.0 


37.5 
. 37.6 


' 98 
98* 


. 137/76 - ■ 
134/74 


95 
93 


84 
87 


1 


8 Mos. Post -Action 


f 

3:20 


1:00 


37.-5 


^*^9.0 


128 


207/51 


75 


15 


3 


Pre -Act ion 


- 1:20 


0:20 


44.9 


39.8 
38.1 ' 


180 


,184/42 


71 


* 

*1 




6 Mos. Post -Act ion 


7:10 


2:10 


36.4 


107' 




93 


63 




12 MqS'. Post -Action 


7:10 


2:10 


34.8 


37.5* 


109 


173^72 


92 


59 



1. 



T ■ 

The cardiovasculljr factors are defined and in the following units: HR = Jilao't rate 
(beats •min" ^) ; SP = systoUc 'blood pressure (mm Hg) ; DP = diastolic blood' pressure (tan 
Hg); MAP estimated mean arterial 'blood pressure (mm Hg]t^ and, CVR = estimated cardio- 
vascular reserve (%y. ' * . - 



The car^iovascuiar responses irf Setting No. 1 were such during the first one-third of the 
trials that canpehsatibn was approaching iAs maximum; thereafter, there, was rapid 
decompensation duetto the^-excessively high »level of h'eat stress at the same time that 
workers wei'e attempting to perfox^ their normal tasks. As- di^cussed^arlier, the low'HR^s" 
were not descriptive o^heat toj^ral^ce limits beitkg reached as the strain was shifted ^to 
* other ^aspects of the carfiioy^$cular system. i 



Major accompli shmen 



industrial heat stre: 
' iC^^^WS^P managements^ 



Summary 

r'^ " / . • • }^ i ^ * 

s have been"^chig3J5g^^,4M^^*^^ ^ast *few years in the control 
s. It is highly^ ^couraglng to jiote that, through the strong 
and the capabiljity of biomedical R^D to assist both management and 
that,' significaift reductions of, excessive heat stress are a reality 
today, .the utilizatic/n of reseaifch technology has permitted the ;est ab lishm en t of an ^ 
objective bas^s to dramatically improve highly*»^imiting heat sjtfess situations which have 
♦ had a pro foundj, ..adverse impact man and Industry^" • * ^ 

^Ssx^^'^r * / • . . « 

^■^umentation yfef the ranges of industrial heat stress and ^he physiological responses 
to that stress .was/the first step in irtitiatii^^ a direct attack upon high level^ of heat 
stress* Onx:e evidence coul4 be produced t^^show ,the ^pMblem^ involved, a series of phases 

' levejs <jf heat stress, increased work 

Ite e^tablisMdffitr:^^ /f, * ' / 

criteria was idniratjlve in ox:4er to \ " 



, were* formulated 
function and 

^^Ke deglj^ of 
domprehensive 



ereb^ the goals of r^duc 
lability qf ofelective- 
titer working, envirojynentfl 
Kysiological heat exoosurf 
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develop tru^ exbosure limits. A^- exposure limits^are a function of the ^^ntensity of the 
exposure, length of time in <the specific environment and the rate of performing work under 
thtfse conditidns, it: was possible to develop the PHEL concept and exposure ^Jimit curves, 
which recognizea, that physiologi^cal strain would b^-present but also would b^ reversible. 
■ Meanwhile, -a series of computer programs wei:e prepared to integr^e the varia^s of heat 
Stress and strain •v This was done in such a manner as to permit p1»actical part ironing ot 
the components of the stress, .serve as* a guide in making recommendations that woi>ld produce 
signifp.pant changes of^ the' environment, and better predict alterations of limit ing^^sio- ^ 
-logical systems. \ * ■ \ « ' ^ \^ 

The benefits of the\rogram to date have been illustrated in terms of a marked red^c- 
of physiological strain and nearly a sixfold increase of maximum exposure' times^Jo^ 



Mter productivity. In arteas where corre<:tive engineering actions from the program 
-7^n&t yet-existent^or are not completed, the PHEL concept and associated guidelines have 

not. resulted in a detectable increase of morbi^iy. -HoweVer; .it as very likely that "none -^T 
of the operational exposure limikng methods ^oday can be safe for all workers, even though 
there is reasonable assurance tha\the PHEL concept TsTsafe in a practical sense up to the 
limits for greater -than 95 percent >>f tlW-fit .population of workers within the range of 
- ,19-43 years of age. Therefor'fe', inVipport of Dinman et. ai.,",a stan^rd for heat stress 
'must neither be overly conservative. onXthe side of the workers, nor^too liberal on the side ^ 
n,o mnst "S-ifctical ai)pTO^ch~td^nT:hdus'trial-tyge standard. for ,li^at toler- 



of management ; . The most .p 
ance limits is where work 
time a .concerted effort 



s perform with^ their, limits as showh/heirein, while at the^ame__ 
riade. to minimi^\the i^fensny ^ t'he ^ironmental stresses. 
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r ^ , _ * Appendix ^ 

table A- 1 Summary of Encountered .versus Detehnined and T^^' Measured 



I Kange ^ lj 


N 


Encountered ( C) 


Tgj^ Determined (*C) 


4 / 

. Measured ( 
re > 


32.2 -'37.7 


24^ 


33.9 ± 0.37 


33.4 ± 


• 

0.13 


A 36.6 ± 0.31 


37(^8 - 43.3 - 


44 


40.9 ± 0.18 


34.5 ± 


0.14 


37.5 ± 0.04 


43.3 - 48.8 


16 


45.7 ±0^.42 ^ 


- • 35^1 ± 


0.24 


37.7 ± 0.«04 


48.9 - 54.4 


22 


^ 51.3 ± 0.28 


35.8 ± 


0.13. 


. ' ' 38.0 ± 0.07 


54.5 r'59.9^ 


20 


57.3* 0.30 


36.6 ± 


O.lS . - 


38.1 ± 0.09 


60.0 65/5 


IS 


63.3 + 0.41 


38?3,± 


0.36 


38.4 ±y0.03 


65.6 - 71.1 


22 


**; . 68.0. ±0.33 


39. 3± 


0.31 


38.6 ±*0.03 


\l.2 - 76.6 


12 


74.1 ± 0.47 


• 39.7 ± 


0.08 


^ 38.8 ± 0.0-2 


76.7*- 82.2 - 


12 


79.5 ± 0.52' 


40.6 ± 


0.09 


39.1 ± 0^03 


82..3 - 87.7 , 


15 


84.4 ± 0.43 


41.4 ± 


0.07 


39.2 ± 0.02 


87.8 - 93.3 


11 


90.4 ± 0.51 


42.5 ± 


0.08 


39.5 ± 0.02 



* Subjects ageYange 19 -'43 years. Subjects normally clothed.- range 32.? 
^93^3 ^C. MR iange 50.0.- Uh.J> Wmh^. , All' valu^, given in, above Table 

^^e expressed .as Mean ± Standard Errpx. when appropriate. Total' N = 213. 



Best fit estimates of. Tg/and^, ^. 




Estimated T^j^ (''C)' 



^ ^ ' t 



"^sk ^ 28.857-e'*-^^^'.i^^*^ /^'r 



Estimated T. "t^^s", i 

t^^ = 27.36fe-^^^%^>, TP 



N = 213 
' r = 0.953 
t « 45.4796 
^ < 0.0001 



N = 213- : 

. r = 0^944 
, ^ t, = 41.5976 
''P'l.O'OOOl 



.T = mean radiant temperature. T , =f8fean -skin 't&nperature. T 
t MR = time-Weighteci-mean metabolic?>Tar^. • ^ . 



rectal temperature. 



Table A- 2 



Factors 




Appendix 



Summary of 'Cardiovascular Factors versus t^^WBGT at t^ MR 50.0 W*m*2 



WBGT 

wm 



(range 19.8 22.2*C) 



20.6 ± 0.1 
(n = 21-) 



21.4 ± 0.2 
(n = 16) 



20.7 ± 0.2 
(n = 22) 



gl.7 ± 1.5 
130.8 ± 1.2 
' 78. J + 1.4 
95.9 ± 1.2 
4.9 \ 0.1 . 
1572.7 ± 48.9 
'lOOiO 4: 0.0 



94.0 ±'2.4' 

^130.9 ± 1.9 

8(£)T7 ± 1.4 

97.4 ± 1.4 

5.2 ± 0.2 

15i^.7 ± 57»0 
100,0 ± 0.0 



3.6 ^ 1, 



18.9 ± ^1 
(n = 19) 



20.6 ± 0.1 
(n = 15) 



90.6 h 1.6 
130.3 ± 1.1- 
, 85,1 ± 1.1 
. 98.6 ± 0.9 
4.9 ± 0.1 
1641.9 ± 42.2 
100.0 ± 0.0 




'Table A- 3 I Summary of Cardiovascular -Factors versus t^ WBGT at t^ ^.4 W-m 



Factors 



-t — JffiGT- 
, wm 



26.4 



±..Q..5,.. 
22) 



30.5 ± 1.1 
(n = 5) 



32.7 ± 1.4 
(n = 5) 



35.4 ± .Mf 



37.8 ± 0. 
(n = 4) 



HR 


' |86. 


0 


+ 




SP 


.122, 


8 


+ 




DP 




3 


+ 


1.8. 


MAP 


' r 


7 


+ 


1.5 


CO-* 








<2 


TVR 


- 1288 


v4 


+ 


35.6 


CVR 


88 


.1 


+ 


3.5' 




values given as Mean ± Standard Error, = time-weighted-mfean. HR = heart rate 

(beats-min-1). sP = systolic blood pressure (mm -Hg) DP = .^astolic blood pressure ' ■ 
(mm -Hg) . MAP = mean arterial pr^sure (mm Hg) . CO * =, estimated cardiac output ^ • 
(litprs-min-l); these values are wfiSe^tive estimates. -TVR = estimated toAl 
vascular resistance (dynes- sec -cm" 5) . CVR ^ estimated cardiovascular resefve (%). 
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Table ^ Summary; of Cardiovascular Factors versus WBGT at 111,7 W«m'^ 



Factors^ 



^'wm ^^^'^ (range 20.7 - 49.7^C) 



24.1 Jt 0.5 
(n ^ 22) 



29.3 ± 1.5 
(n = 5) 



31.3 ± 0.0 
(n = 4) 



30.7 ± 0.6 
(n = 11) 



44.9 ± 1.4 
(n = 12) 



HR 
SP 

DP* 

MAP 
CO** 
TVR 
CVR . 



8^.5 ± 1.8 
126./ J 1.3 
72.7 ± 1.4 
90.4 ± 1.1 
6.1 ±^ 
1208.7 ± 44.^ 
83.2 ± 3.3 



112.4 ± 2.7, 
146. ?i 1.9^ 
78.4 ± 2,7 
101.0 ± 1.8 
7.2 ± 0.5 



91.5 ± 0.3 
11^.5 ± 0.9 
69.0 ± 0.6 
85.0 ± 0.8 
6.5 ± 0.1 



1142.4^ ± .107.6 1047.5 ±06a 
- 64.1 ± 13.8 6X7 ± 1.4 



^ 99.8 ± 2.5 
119.2 ± 3.8' 
, 59.6 ± 4:0 
79.3 *± 3.9 
7.6'± 0.3 
^ 867.7 ± 76.6 
35.5 ± "5.4 * 



145.3 ± 9,,7 

143.4 ± 



143.4 ± 8^ 
51.3^± 3.Z 

U4 ± 
5.1 ± 



82. 4.0 

14^4 ± 1.4 

505.1 ± 55.3 
■ 

. 15.3. ± 5.0 



Table A- 5 Summary of Cardiovascular Factors versus t 



factors 



WBGT. at ^^SrSvJV^jjv^ 
t WBGT. Jrange 21.7 - 37.. 3 "C) 





25.2 
^ (n 


t 0.4 
= 31)- 


29.5 ± 0.6 
(n = 19) 


31.6 
(n 


± 1.0 
= 12^ 


34.1 

. (n^= 


± 0.8 ' 

= VT) 


36 
(n 


± 0.0 
= 6) 


HR 


^.9 


+ .0,9-^ 


-"^1^.1, ± 3.3 . 


122,. 6 


± 6.4' 


110.1 


± 1.9 


131.8 


± 3.2 


SP . 


131.7 

« 


± 1,5 


^47.7 ± 3.0 


136.3 


± 3.5 


129.6 


± 3.5 . 


116.8 


± 3.0 


DP 


79.1 


± 0.7 


67.0 ± 1.7 


,70.3 


± 3.9 


64V1 


± 3.8 


27.5 


± 1.1 


MAP . 


. 96:3 


±0.7 


'93.9 ±^1.7 


. 92.2 


1 1.'9 


85.9 


± 3.4 


57.3 


± 0.4 


' CO * 


5.1 


-± 0.1 


9.6 ± 0.4 


" 8.1 


± 0.7 . 


7.8 


± 0.4 


14.7 


± 0.3 


TVR 


1534.4 


± 28.7 


807 v9 ± 38. S 


,971.4 


± 71.8 • 


925.0 


±89.5 • 


313.5 


± 8.5 


CVR 


78.1 


± 2.1 


43.9 ± 3.4 


43.4 


± 5.5 


3*8,6 


± 6.0 


. 1.1 


±Vj|8 






o4 

















'Values given as Mean + Standard Error., t = time-weighted-mean 



HR = 'heart rate 

(tilts -min-l). 'sp = systolic blood pressure (mm Hg)y^DP'= diasto^j^c blood pressure 

MAP = mean arterial pressure (mm Hg).^ CO '* estimated cardiac output , 
(liters •mii>jl); these valpes are conservative estimates. .TVE = estimated total 

estimated cardiovascular reserve (.%) . ^ 



vascular r6§istanqe, 




•sec'cm"^)'. CVR 



* , Thermal Analysis Metric Equations i^r 
Stress/StFain Evaluation Program (STEP-M2) Aia?reviated 



-Saturated.' Vapor Pressures^ 



Pg ^ = [Antilog (2:339 - X-Y)]-P > 

\ . wheir^:^ ^ T saturated vapor pressure at*T^^ or T^^ = (Torr) 
* ^ / * . rA^g.n^lO'Q)] [A <(5.868^10'^) ^ 3,244] 

^ * ^ ' ' . *x 1 + [A (2n88-l0"3)] " 

' . A =• 647.27 - [(T^^ or T^^^).* 27|.45] 
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Y = 



'^db ' temperatur^-il^^C) 
T u-= wet -bulb temperature .<aspirated) <**C) 

WD ^ 

* P = "tarometric pressure (Tort) 
Soive usi-ng-T^b ^""""-^^^V ^''^ ^""'^ ^'''^v 



'wb 



Partial Vapor Pressure : 

P partial = [[(6.6.10-- P) (T.^ - T^^,')] • [l "^'(Tdb " W 1-^ 10"'ll 

where:' P._4»a9?tiSf = (Torr) 




Relative Humidity: 



RH (P partial / P, ) • 100 = (%) 



iERJC 



Mean Radiant Temperature : » v ' ' . , 

^ ^T-+ 273.15)'* + [(0.24r.l09^5)(Tg.-*T^;,)]]°-^25 . 273. iS 

where: T_ ='15^ radiant temperature (**C) . 



T- = 
g 



be temperature '(**CJ* 
•* V ^ velocit^r (m'/sec) ; * 



4 « 



Terms, where appropriate, *re consis'ten? with the ^ t 

Sciences. (tSlossary of Terfes for Thermal Physiology, JAP" 6(35)^41-961, W3) « 

"lince a symbol is^defined' herein the repeat of the syinb6l,is not reio^ned.,.- 
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Estimated Skifn Temperature : , 

t'. = 28.8S7 e^-SZllia-^ ^ . - ' . 

^ where-: Estimated T^j^ is applicable to normally clothed men within the 

^ ranges of 32.2 - 93.5 °C and time-weighted-mean metabolic 

. # rate 5D.0 - 146.54 W-m-2.,(N-= 213, r = 0.955, t ='45.4796, p<0.000«, 

Estimated Rectal Temperature : . ^ 

T^^ = 27.37 +-(2.68 In = (°C) ' ' ' * 

• where: Estimated T^^ is applicable to normally clothed man within the 
'ranges of 32.2 - 93.3 °C and time-w^ighted-mean metabolic 
rate 50.0 - 146.54. W«ra"2. (N = 21:5, r = 0,944, t = 41.5976, p<0.0001) 

Radiant Heat Exchange : , % 

(is: 130 (T^ . T^j^)] 

R = ^ 0.7 = W*m'^ (reduced 30% due to clothdng) 

m^ 

where: m^ = DuBois surface area from [71 . 84 • 10"^ ^Ht^ ' "^25 , y^»0.>25]^ \ 
where Height in cm. and Weight in kg.* 

Convective Meat Exchange : 

\ ^ ' 

[15.456 (T^^ - T^^)] , ' ^ \ ' - ' ' \ 

.C = ^ : 7 0,7 = W*m"2 (reduced 30% 'due to clothing) 

m^ \ 

\ / ' . ' / ' ' ' . . ■ 

Evaporation Required Fpr Heat' Balance : . * 

♦ 4 /'I 

^req ^ ^wm + t C = W'm'^ ' (using R and C as reduced above) ' 
where: t.^ = time-weighted-mean * 

^ ^ .As in the case of t^Metattblic Rate the following applies 




/ 



/ . t ^^R 

\ - _ wm 



[C;:i' ' "MrO + itz • MR2) + ...^ + (tX« MR^)]^ 
♦ ■ ^ ti + t2 +....+ t^ 

where: tj is the first tim6 interval and MRj 

is the metabolic rate for the respective 
, time' interval , etc. 
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Maximum Evaporative Capacity : 

[25.15 V^-^^ [[(T . 34.94) 2.34] 42.00] - -P^ partial] 
= . jO^y 



where: E = W-ra"^ ' (reduced 3p% due to cloxhing) 
max f / 

Heat gttess Index (Belding and Hatch) : 
^'HSI = [(E^^q/E^^)- 100] ' (uniUess) . ' • , 

Wet -Bulb Glofce' Temperature Index : (See Text) . , 
WBGT = [(0.1 T^^) * (0.7 T^^^) * (0.2 T^)] = ("C) ; 

Physiological Heat Exposure Limits (Dasler) : (See Text) 

' f ' 

PHEL I V'^'h for t _ MR 88.39 W-m'^ . ' -* . , 

wm ' 

PHEL I ^ 741.594- 10^*WBGT'^-^^^ 

*> * ^ where: PrfEL in hrs. with TQ^ns. in* decimal;^ PHEL converted to* 

hrs:miri in STEP-M2 Abbreviated^ 

• > Uboratofy data: N = 147. r =--Q.997. t^= 155. 1063/ p < 0.0001 
' • Field data:" N = . 66. r = -0.995. t = 79.6997. p<0.QD01 

.PHEL II for t MR 10^.02 W-m"^ ' ^ 

. , wm 

PHEI^ II = 592.561- 10^ WBGT'5-^56 • ■ ^ 

where: PHEL in hrs. with «ins. in decimal; P^EL converted to ^ 
hrs:mins in 3TEP-M2 Abbreviated. ^ 

Laboratory* data: N = 132. r. = -0.998. t =^180.0070. p<-0.0001 
Field dita: < N = 52. i: = -0.994. t = 64^2589. p< 0.0001 

PHEL III ("B") for t MR 111.65 W-m'^ 

wm . 

vPHEL III = 487". 461-10^ WBGT"^-^^^ 

where: PHEL iji hrs** and mins. in decimal; PHEL* converted to 
hrs':mins -in STEP-M2 Abbreviated.* 

Laborat^ory data: N = iffTr^ = -0.997. t = 1^9.6623. p< 0.0001 
Field data: N = 57, r = -0.9i92, t = 5'r.2778, p< 0.0001 

PHEL IV for t MR 123.28 W-m"^ ' 
/, wm ' • \ 

PHEL IV ='432.3^9-10^ WBGT"5.371 

where: PHEL in hrs. and^pins. in decimal; PHEL converted to 
*hrs:mins in STEP-M2 Abbreviated. 

Uboratory data: N = 128. r = -0.997.. t = 144.5^75. p< 0.0001 
Field data: N =. 48. r = -0;993, t 57.0198. p< 0.0001 
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• / . 

PHEL V for t MR 134.91 W-m'^ * — * 

PHEL V_= 334. 3)0^105 WBGT-5- 373 ^ * ) ^ 

^ ' where: PHEL in hrs. and mins. in decimal; PHEL converted 

. ' ^ , y hrs:mins>in STEP-M2 Abbreviated. 

> . \^ ^^'^f N = 67, r =^ -0.987, t := 49.3516, p< 0.000. 

Field data: ' N = 20, r = -0.978, t = 19.8907, p<O.OoJl 

PHEL VI (»»C") for t*^ 146.54 W-m'^ • I 

PHEL'vI ='2,07.825.106 WBGT-5-3't't 

, where: PHEl, iji hrs. and mins. in'tiecimal; PHEL coiiverted to 
hrsimirts in STEP-M2 Abbreviated. 7. 

Laboratory data: N = 46, r = -0.989, t = 44.35l/ p<0."oOOr 
Field data: N = 12, r = -0.975, t = 13. 87^6, p<0;0001 

''"^^ecific ^"'^ *wm ^ ''^"S^ ^^.39 - _146. 54,W.m-2 

?"%ec. = [l-^-ZSl-loS - (12. 967-106 t^ MR) + (18.611<103 t^ MR2)] .WBGT-5- 360 

where.-^ PHELgpg^.^-.^' in hrs. and mins. ii, decimal; PHEL converted to 
hrs:mins in STEP-M2 Abbreviated. PHEL^ g^..^-^ applies to 
'^^'s through 55 °C.. The first thtSe^clefficients of 
^"^^pecific '^^^J' deriy^ed from PHEI^'s I - VI above; N = 6, 
■' ■ r,= 0.994, t'= 18*. 4887, p< 0.0001. Exponent for WBGT baspd 
upon N = 6 with SE +0.005, ' 



Estimated Recovery Timgs : _ / ' 

* Mininnfin Recovery Time «; PHEL • 1 195 

_ \ spec. * 

-where: PHEL^^^^.^.^ prior to conversion jEo hi^:mins. . 

' . V Minimum recovery time based upon/a mir^imum Relaxation Allowance 

of 119.5% (See Footnote).^ STEP^2 converts to hr^jj^s. 

General Recovery Time = PHEL •1.994 

spec. J 

\ A ' , ^"^^specific 9onyersioj to hrs:mifts. , ( 

-/ . ' • fnn\ff?2^^^ ^^^^^ "P°? ^ general-Relaxation Allowance 

/ . . 199.4% (See Footnote). STEP-H2 converts to hrs:mins. 

' ' ■ ■ • ' , ■ 

Maximum Recovery Time = PHEL ' '2.260 
. - -. . » spec. • . 

where: teL^p^^.^.^ prior to conversion to hrs :mins. ^ - 

Maximum recovery 'time based upbn a maSciraum Relaxation Allowance 
of 226.0% (See Footnpte)'. 5TEP-M2. converts tq hrs:mins. 



Relaxation AlUjWince -concept from: -Curie/ R. M. Work Study . Coppelark Pub Co • 
Toronto,. Canada. (ChapterA2. PP. 156 -/164>. RepHHt 63^969 , - ' 



^Appendix 

Cardiovascul^ Factors Without Subjectively Detectable Levels Of Fuel Combustion 
Gases or Pfe-Coml^ustion^ Fuel Vaporil ~ 

Heart Rate - (beats/min-^) ^ . / 

'hR = [48.15 + (0.08 t • MR) + (1.64 WBGT)? ^ / * x 
n ^ 277 r = 0.4052. t = 7.3497 p< 0.0001 

• * t % X'^Z 

r =0.6518* t 14.2531 jp< 0.0001 

► . r = 0.6519 t = 14.2544 p< 0.0001 

* • • * z»xy 

Systolic Blood Ryes sure ►(mm Hg) 

SP = [125.67 + l:a.06 t^%MR) (O^^^oa WBGT)] 

N = 277 x... =,0.5741 %.t\= 11.6279 p<pO.OOt)l 

^ =^li.2876 'p< 0.0001 ^ 

t = 2.S640 p< 0.012 , 







=,0.5741 










= 0.5627 




xz 




r 




= 0.1526 


z 


3<y 





Diastolic Blood Pressure (mm Hg) , 

DP = [107.38 - (O.Or t.^ MR) - (1.29 WBGT)]' 

*- ^ wm , * 

11= 277 .r ' ='o.5215 t = 10.1349 p^O.OOOl 
* x*yz 

r = 0.7196 t f 17.1839 p< 0.0001 
y*xz ' 



Z'xy 

Mean-Arte^rial Pressure (mm Hg) " 

^ MAP = [109.669 + (0.022 t^ MR) - (0.765 WBGT)] 

N *= 277 r = 0.4862 - t = 9.2265^ p<0'.0001 

f • = *0. 607^ >-4^= -12.6957 ■p< 0.0001 ^ . 

^ r = 0.4445 t = 8.22>3 p<o!oOOl 



Z'xy 



Subscripts of multiple correlation coefficients "(r^s) apply as follows: x = t 
* y = WBGT, and z = cardiovas'cular factor." !' • ' 

Breakdown of ^tPpf obs.ervation^ as follows: t^ MR 50.01 W-m'^ (N = 99) r 

t MR 88.39 .W^b-2 (m = 45), t MR 111.65 W*m-2 (N = 52)/and t MR 14^.54 W-m" 

wm 1 wm 

81);'WBGT's obtained as t^ during the determi|f\e t^ MR's. T>tal N = 27T per 
^^cardiovascular- factor, t^ MR and WBGT.^ . 



'MR 

wm 



2 



f 

V 



Appendix * ' 



Estimated Car4iac\output (liters-min'M (See Text regarding evidence of conservative 

estimates by the technique utilized) 



to = [-2,.6d^ 1 (0.001 t^ MR) - "(0.765 WBGT) ] 



'N ='277 



t = 10.4876 
t = 23.6327 



Estimated jCardiovascular Vesefve (%) (See Text) 

CVR = [170..978 - (6^242 t^ MR) -,(2.843 WBGT)] 



N = 277 



r\ = 0.6229 



Z'xy 



t = 13.2033 
= 0.7879 ^ t = 21.2J74 
0.8305 t = 24.7231 



p< 0.0001 
p< 0.0001 



t, = 20.9612 'p < O.OOOl 




Supplementary Section Of STEP-M2 Abbreviat\d : 

Maximrfm Allowable Exposure Time Without Hearing Protection * Based Upon Noise Level 



-MAEj^-^ --"-^[AntiLni(Tib~'A'--105 . 00y/-\Tl~] ] 

where: db A = noise level on '*srow*' A scale 

Note: The above equation is a transposition of a logarithmit curve 
fit with r = 1.0000; the equation may also be writtei^ as 
an' exponential curve fit (w^th r 1.0000) in the foll'owing 
form: ' \ 

= 2097151.95>xe-°-^3^^?9 



MAE 



noise 



\ 



From data provided in: Control of Noisb (121 . American 

Foundrymen's. Soci^ety, "3rd Ed. , 1S72. 

Bureau of Medicine\and Surgery, Navy 
Department, BUMED Instruction 6260. 6B, 
S.March 1970. \ > 

Dfta,from these sources were subjected to the'least s(Juares 
famijly of regression curves to provide the abo^e equations. 

I ' ■ ■ \, - ' 



89 



10. 



/ 



/, 



Appendix • , 

*' ^ ^" . ' . • ' • 

STEP-M2 Abbreviated Program FoiLHewlett-Packayd Calculator (HP-97)* 

(Total running .time, including input's and all p.rints, averages 1 ^min^ 56 sec.) 

Inputs ; ' * • * ^ ^ * 1\ * 

' T^^ (LBL A); T , CLBL B or R/S) ; T (bBL.C or R/S) ; V (LBL D or R/S) ; t^ MR (LBL E or 
*♦ do WD g \ • * 

' ,R/S). [T^^ must be entered *using key T^, -V and t^ MR may be entered by^ usi^ig 

the designated key or by use.vof R?S ,key.^ Using the usei;:^ defined key permits altering 

' ^the sequence of entries; however, "STEP-M2 starts ninning immediately after entering , 

Grouped .Order of Printing : (each |iPup separated by a space) 

[WBCT] [PHEL g^,j^£j^^,] [Minimum Recovery Time; General Recovery Time; Maximum Recovery * 

Time] [PHEL.I; PHEL IT; PHEL ILI; PHEL IV; PHEL V; PHEL VI] [HSI] [T^^,; T^^] [HR; SP; . 

DP; MAT>; G0;.CVR) [T^^; T^^; T ; V; ,t^ MR are repeated at thfe end as a means of 

rechecking and/or permitting comparisons] * ^ — 

Supplementary Portion of STEP-M2 for MAE^^^^^: ^ 

Two options exist for calculating MAEj^^^g^; (1) After ,STEP-M2 ha^ run^as given above, 
, input 4b A, using key "A" and MAE^^^^^ will be printed in hrS:mins provided the program 
- ' from Card #4 is still in the HP-9^; or; (2) Insert. Card #4 (both sides) and input db A 
*us.nk key "A" to get MAEj^Qj[se printed, . 



Car^ #1 
























001 


*LBLA 


017 


SPC* 




033, 


' . 3 


049 


ST03 ' 


""065 


f 


081 


STOB 


Oj)2 


DSP2 


018 






034* 




" -050 


RCLB . 


. 066 


E5X 


^ 082 


X 


003 


STOA * 


019 


5 




035 


I 


051 


RCLI 


067 


CHS ' 


' ' 083 


+• 


004 


PRTX 


020 


8 




034 


5 


• 052' , 


+' ' 


* 068- 


8'^ 


084 


3 


005 


R/S , 


021' 


X 

y . 




037 


STOI 


. .053 


ST04\^ 


069 


ST07 


\ 085 




/ 006 


• *LBLB 


022 


STO0 ' 




038 


+ 


054 


.RCL6 


070 


X 


^036 


2 


007 


STOB 


023 ' 


RCLD 




039 


iST02 


055 


X*Y 


071 


RCL3 


/087* 


* 4 


009 


PRTX 


024* 


r7s • 




040 


6 


056 




072 


S 


088 


3 


0t)9 


R/S 


025, *LBLr 




041 


4 


057 


ST05 ' 


073 




089 
/ 090 


8 


:oio 


. *LBLC 


'026 


STOE 




042 


7 


* 058 


RCL3 


074 


8 


ST09 


Oil 


STOC , 


027 t 


PRTX 


043 




059 


ENTI 


7)75 


6 


091 


+^ 


012 


PRTX 


028 


^SPC 




044 


'J 


060 


X2 


.076 


8 


092 


RCL3 


013 


R/S 


029 


SPC 




045 


.7 


. 061 


X 


077 


'3 


093 


- 2 


014 


*LBLD 


030 


RCLA 




046 


'St66 


- 062 


i 


078 


EEX 


094 




J 015 


STOD 


031 


"2 




047 








079 


* CHS 


095 


.1 


tfl6 


PRTX 


032 


7 




048 




064 


„i 


080 


3 


096 


8 



* (from title) 'STEP-M2 Abbreviated provides )^8% of the full STEP-2 Program, The 
program ks given herein permits autoloading of Sides #1 of Cards #2 - #4; when Sides #2 
of Cards #2 -'#4 are ent^ed the program restarts automatically, should and ERROR 
display occur reenter Sides #5; and '#2 of that Card^ and press key R/S to continue 
^ program/ "All factors printed in units' of time are printed as hrs.mihs> the decimal ^ 
point serves as a colon (Oj^e\g., 3.5^; in units of time is 3;55 as hrs:mins. 
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Cdrd;#l, continued 




097 


? 


156 . 


2 


098 


8 


• 157 


. 


• 099 


EEX 


• 158 


3 


100 


CHS 


159* 


3 


101 . 


3 


160 


8 


102 

« 


X 


161 


' 8 


103 


. ' 1 


162 


X^ 


104 


+ 4 


163 




105 . 


-r X 


164 


lOX 


106 


RCL? 


" Us 


7 


107 • 


RC.L2 


• 166 


.6 


108 




167' 


0 


• 109 




'168 


X 


110 


2 


^ 169 


ST04 


, ' 111 




170 


PRTX 


112 


3 


171 • 


6 


113 


3 , 


172 


. 


114 . 




175 


6 


115 


8 


174 


EEX 


116 




175 


CHS 


117 




\ 176 




118 


10^ 


/ 177 


ST07 


, ^119 


7 


178' 


RCLA 


120 


6 


179 


RCLB 


> 121 


0 


•186 


- 


122 


y X 


181 


•STOl 


1^ 


•ST02 


* 182 • 


RCL7 


124^ 


DSPl 


1^3 


7 


125\ 


PRTX ' 


. 184 


6 


126 


FtCLS 


• 185 


o' 


127 


ENT+ 


186*-^ 


X 


12? 


X2 


187 


X 


. 129 


X 


188 


RCLl 


130 


RCL7 


189 , 


i 


131 


X 


190 


. 


- 132 


RCL5 


191 


1 


133* 


RCL8 


192 


5 


134 


X 


193 


EEX 


135 


+ 


194 


CHS 


136 , 


RCL9 


195 • 


3 


137 


+ 


196 


' X 


138 


RCL5 ' 


197 


1 


139 


2 


198 


+ 




, 


199 


X 


141 ^ 


1 


- 200 


RCL4 


142 


V.8 


201 


Xh^Y 


143 


7 


202 


- 


144 • 


. 8 


203 " 


PRTX 


145 


HEX 


•204 


ST06 


146 


CHS 


205 


SPC 


' 147- 


3 


' 206 


RCL2 


lA^i— 


X 


.2a7 


f. 


149 


1 


208 


'EEX* 


,150- 


+ 


209 


' 2 


151 




^10 


X 


152 


RCL5 


211 


DSP0 


153 


RCU ' 


212 


PRTX 


154 • 


-i 


,213 


SPC 


155 


X . 


214 


RCLC 




• 







Appendix 

Card #2, continued 



215 
( 216 
/ 217 
218 
, 219^ 
220 
224 
222 
223 
224 



RCLI 
+ 

ENTf 
HNTf 

ENTf ^ - 
X 

•x 

X - 
PSE- 
RTN. 



Card # 2 



001 
002 
003 
T)04 
005 
006 
007 



RCLC 
RCLA 

RCLD 



ooy 

009 
010 
Oil 
012 
013 
014. 
.015 
^016 
017 
018 
019 



4. 

' 7 
EEX 
9 

X 
X 
+ 

RCLI ' 

Stoi 

■■DSPJ.... 



•048^ 
049 
050 
Q51 
052 
053 
054 
055 
056 • 
057 
05^-* 
059- 
060 
. 061 
062* 
063 
064 
065 
' 066 
067 
068 
^ 069 
,070 
071 
072 
073 
074" 



2' 
7 • 

. ...^ 
7, 

ST03 ' 
RCLI 
RCli2 
i> 

" * 1 
•3 

3 

^ -7 



5 

STOI 
• i 

STOA 



07fi _BRTX 
076 RCU_ 
077-. 'R CU2 
078 



021 
fi22 

024 
025 

, 026 
027 ' 
028 
029 
030 

, 031 
032 
033 



PRTX 
SPC 
4. 

. 3 
2 
1 

EEX 
CHS 
3 

X 



"034" 
035 
036 
037 
038 
039 
040 
041 
042 
043 
044 
045 
046 
047 



5 
7 

X 

ST02 
RCLI 
LN4 

2 



. 085 
081 
* 082 
083 

0S4 

085 

086 

087 

08a- 
.089 

0^ 

091 

092 

093 

094 

095 

096^ 

097^ 

098 

099 

100 

101 

102 

103 

10'4 

105 

106 



X 

1 

3, 



' 7 
X 

RCLI 

ST05 
,PRTX 
RCLE-- 
EtCL4 
RCL5 

+ 

+ 

ST07 
PRTX^ 
J(CL2 

3 

4 



• 107* 

• ;o8 

109' 
110 
111 
112 

V. 11*3 • 
114 

116 * 
, |17 
118 
119 
120 
121 
122 

a23 ' ' 

124 
- 125 
126 
-127 
128 
12a 
il3G 

m 

133^ 
134 
135 
136 
137 
1^ 



1 



3 

4 . 

X . 
4 

2 

^ 0 
0 

■K 

RCL6 

RCL0, 
•X 

' 2 



RCLI 



ST08 
PRTX 
SPC 

my?-- 



139 
140 
X41 
142 
143 
144 
145 
146' 
147 
148 
149 

' 150 
151 
152 
153 
154 

- 155 
156 
157 

. 158 
159 
160 
161 
162 

A63 

*164 
165 



X*Y 

EEX 
2 

. X 
ST04 
.RCLA 

1 

X 

RCLB 



' RCLC 
2 

X 
+ 

ST09 
PRTX 
SPC 
1 

J 



I 



1^6 
167 
' J68 
169 
1/0 
171 

• 172 
I 173 

174 
175 
176 ' 
\11 

'778 
179 . 
180 

' 181 
182 

' 183 
184 
\185 * 

• 186 
187 
188 

' 1§9 
190 
191' 
192 
193 * 
194 
195 
196 < 

198 
199 

• 200 

2or • 

202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
22-2 
223 
'224 



5 
1 

EEX 
<^ 8« 
RCEE 
1« 



• 9 

. 6 
7/ 
EEX 
6 

X 

RCLE 
X2 



6 
1 

« 

.1 

: EEX 
3 

^ X 
+ 

RCL9 
5 



3 



0' 
CHS 

yX 

X 

ST05 
H+IMS 
DSP2 
PRTX 

SPC 
RCL5 

, 1 

9 



% 

->HMS 
PRTX 
'rCL5 
1 

' 9 
9 

4 

PSE 
RTN. 
R/S ' 



ERJC 
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STEP-M2 Abbreviated Program Appendix > 

Card #3 

001 % '060 CHS 119 ^ { 178. 0 014 CHS 073 *SPC 

002 -^HMS 06L^ l20 • ; CHS' \ 179 8 015 RCLE . 074 RfN 

003 PRTX. 062 ^ 4* 121 ' 180 X 016 . 075 *LBLA 
^04 RCL5 063 8 . 122 * 2 181 - 01*7 0 076. DSPl 

005 2 064 7 123 0 182 PRTX' 018 0 077 PRTX 

'006 . 2 065 - 124 7 ^83 1 0J9 1 078 SPC 

007 066^ . 4 m . 184 0 020 X 0^79 1 

008 > '^'0j67* .6 126 8 185 7 021 /' "^080 .0 
0r09 0 %:068 1 ^ 127 .2 ^.186 022 ( RCL9 081 ' -5 

010 ^ % '069 , EEX 128,, 187«. * 8 023 \ . 082 

011 r.->mS ; 070 ' 6 v' 129 EEX J88 ' & 024. \ 3 ' 083 Q 

012 PRTX 071 X ^ 150 -6 189 RCLE , 025 5 084 "6 
6l3 SPC 072 . H+lMS 151' , X 190 ' . 026 6 085 
014 ■RCL9 . P73. PRTX 132.'^ -4^MS ' 191 0 027 X 086 
0J5 • 5 074 RCL9 * 133 ' PRTX / ' 192 1 028 + 087 

016 - ^075*' 5 134 SPC \ >95 , X ' 029 PRTX ^ 088 2 

017 3^ 076- • . 155 DSPl . 194 (030 1 089 ' 1 

018 6 %077 3 136 R6L4 , 195 RCL9 a3l 7 090 CHS 

019 9 078 " 7 137' PRTX 196 ' 1 ^032 0 091 

020 CHS 079 1 158 , SPC l97 ^ 033. . " 092 e^ 

021 yX. 080 CHS 139 RCL2 * 198^' 2^ 034 9 09?' DSP2 

022 ^ 7 081 y^ • 140 tPRTX- ^ 199 9 035 7' 094. ->HMS 

023 4 ' 082 14JI ' RGL3 ,„ 200 X - 036 8 095 PRTX 
024* 1 083' 3 142 .PRTX 201. - 037 ' RCTLE . ,096 SPC' 
'02S - 084 ' 2 145 SPC 202 PRTX 038 . 097 ^ SPC' 

026 5 085 . 144 4 203 1 039 2 098 SPC 

027 9 086 3 145 8 * 204 , 0" tJ49 • 4 09? *SPC 

028 \4 087* *3 * 146 205 9 041 2 100 SPC 
Q29 EEX 088 9 147 1 *206 . ' 042 * X ^01 RTif 







r\ 




119 


^ ( 


\ 178. 


0 


i2o • 


;CHS' 


\ 179 


8 


121 


' y^ 


180 


X 


r22 * 


2 


181 


- 


123 


0 


182 


PRTX' 


124 


7 


^83 


1 




. 


184 


0 


126 


8 


185 


7 


127 


?2 


^.186 




128,, 


^ '5 


" 187« 


* 8 


129 


EEX 


a88 


' a 


150 


• 6 


189 


RCLE 


151"* . 




190 


. 


132.' 


H^S 


\ 191 


' . 0 


133 


PRTX 


/ ' 192 


1 


134 


SPC 


. 193 




155 


DSPl 


. 194 




136 


R6L4 


195 


RCL9 


137' ' 


PRTX 


196 


1 


158 


SPC 


197 




139 


RCL2 * 


198^' 


r 


140 ♦ 


PRTX - 


^ 199 


9 


14; - 


RGL3 


.J 200 


X 


142 


•PRTX 


201 


• 


145 


SPC 


202 


PRTX 


144 


4 


203 


1 


145 


8 * 


204 


0^ 


146 




205 


9 


147 


1 


*206 


. 


148 


5 


207 


6 


149 


RCLE 


208 


6 


150 


. 


209 


9 


,lbl - 




^lU 


— RCtr 


152 


. 8 


211 




153 


X 


212 


• 0 


154 


+ 


213 




l55 


.RCL9 


' ^ 214 


. 2 


156 * 


1 


' .215 


* X ^ 


157,. 


» 


) ' 216 


+ 


158 


6* 




RCL9 


159 


4 


. 218 




160 


X 


219 


*!tn 


161 


+ , 


, Z20 


R/S 


162, 


DSP0 






165 


.PRTX 


- Card 


#4 . 


164 


1 






165 


* 2 


001 


. 


166 


5 


002 


7 


167 


. 


003 


, 6 


168' 


6 


004 


5 


. 169 


7 


005 


X 


170 


RCLE 


006 




171 




007 


DSPl 


172 


0 


008 


PRTX 


173 


^ 6 


009 


2 


- 174 


X 


* 010 




175 


+ — 


Oil 


6 


'176 


ftCL9 


012 


0 


177 




013 





030 • 6 089 EEX 148 5 207 6 043 - ' J02 ^ R/S 

031 X 090 . 6 149 RCLE 208 6 ; 044 . RCL9 
_^32 ->mS 091 X 150 . 209 9 ' 045 r 

035 PRTX ^092 ^BMsr'*™jri rro — RCtr- — -xm-^ — ~ 

034- RCL9 093 PRTX 152 - 8 211 . / " 047 8 

035 • 5 094 " RCL9 153 X 212 . * 0 04§ ^4 

036 ' ' 095 '5 154 + \ 213 j*"^ 2 049 3 
'037 y 5 , 096 » . l55 .RCL9 ' ^ 214 ' * 2 05O X 

038 5 097 3 156 * 1 \215 * X\ 051 

Jp39y- ' 6 098 7 157,.' . ) ' 216 + ' 052 DSP0 

- 040- •CHS 099 /. 3 158 6* 2\7 RCL9 < 053 ' PRTX 

041 100 CHS 159_ 4 . 218 ' PSE , . 05.4 SPC 

042 -5 ^ ,^ 101 y^ 160 X 219 KTli 055 6PC 

043 ' ' 9 ' ' 102 3 161 + , ^20 R/S 056 ' SPC 

044 - 2 103 3 162, DSP0 ^ ' - 057v SPC 



57. 

045 . 104 4 165 -,PRTX t Card #4 , 058 \ RCLA 

046 • 5 105, . 164 , 1 ' 059 DSP2 

047 6 106 3 165 * 2 001 . 060 PRTX 

048 . 1 107 7 166 5 002 7 061 RCLB 

049 ' EEX 108 0 167 . 003 ,6 062 PRTX 

050 6 .109* EEX 168' ,6 004 ' 5 '063 "RgLC 

051 X ll6 6. . 169 7 005 X 064 PRTX 

052 -mS 111 X 170 RCLE 006 - 065 RCLt) 

053 PRTX 112 ^IS 171 . 007 DSPl • 066 PRTX^ 

054 RCL9 113 PRTX 172 0 008 PRTX 067 RCLE 
'055 V S _ 114 RCL9 173 6 009 2 068 ?RT)^ 
056^ ' . 115 5 . 174 X * 010 . 069 SPC 

057 ^ 116 .• 175 +— Oil 6' 070 SPC 

058 5» 117 3 '176 ftCL9 ^ 012 0 071 SPC 
059, I 118^ 4 177 . " 013 . 8 072 SPC 
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. BFTECT OF iSNERGY CONSERmiON GUIDELINES ON COMPORT, ApC^PTABlfilTY AND HEALTH 

A. i>haro Gagg^ and Ralph G. Nevins* ' ' • 

" t . , lohn B. Pierce Foundatibn 

^ \ 290 Congres5 Av^e, New Haveh, CT . » ' ^ 

Both the Winter and Summer Surveys in a New. York govern^ient building validate the ^1 
reconunendations of lASHRAE STAl^DARD 55-74 that the' optimum acceptable thermal environ- , 
ment. In which at least 80?^ of normally clothed men and women living the United States 
and Canada would express thermal »comfori, 'lies in the range 72°-78° (°F) €T* (22.2°r 
25.6° C) . The ASHRAE ET* i^ the dry bulb temperature of a uniform thermal environment * 
at 50% rh with'air movement in range 20-25 fpm (0.1-0.125 m/s) for sedentary man 
(1.-1.2 mets) while wearing an intrinsic th"fennai insulation of 0.6 Clo. 

' ' ■ ^1 ' * • * • 

. The EEA Summer Consepva'tidn Temperature limits of 78°-80° F (25. 6°-26.7° C) jcan h6 

^ *made 80% apceptable (l) by use of light clothing with iff^ulation less than 0.4 Clo, , ' 
(2) by increefsing the air movement above 50ipm,' (3) b^ reducing the relative humidity, ^ ' 
or (4) by all. . These fEA Quddelines, which.require the elimination of thermostats and 
reheat processes, make (1) and (2) the^njore desirable approaches to 89% acceptability.. - 
In a^ammer time heat, me^i^tend to wear 50% mora clothing (insulation) than women, while ^ 
"at work. 'In summer the practical minimum level of clothing insulation for men appears to 
l^e 0. 4-0*5 Clo while for women, 0.2-0.3 Clo. '' ' . • 

For the e8°-70^lrr(20°-il.lO C) FEA Conservation Guideline temperatures Venter, ' * 
th^ 803^ acceptability is-possible forepersons wearing 0.9-1.2'CJo lnsulati9n', provided 
prooer care is made to cover legs with socks and^trousers or wear dresses with stockings 
and\with shoes without open toes*. • < - 



V 



y 



Sxcept for the seriously ill and those in-hospi^als, there appears to be no serious 
health hazard for properly clothed individuals dife to exposure to the FEA Winter abd Summer ' 
Guideline Xemperatures. ^ , ' . * " \ ' 

♦ ' " A * * * ■ • , ♦ 

For simple sedentary tasks, no decrements in performance can be expected for the FEA 
. Guideline temperatures - winter pr summer - as" long as ^e applicaj^le ASHRAE ET*ialls 
- within the 80% acceptability range defined by our Comfort Charts in terms of Tg, Clo, air \} 
movemeW and relative^humidity . A 16ss of dexterity , may occur jvhen air tempera tm-e' falls" 
ijelow 6^° F (18.3° C)?' Decrements in the performance of simple manual^nd meriul tasl^s \ 
may occ^r when the ASHRAE ET* rises. abpve 90° F 1(32.2^ C), . 

Comfort CjjartB §re presented to show how various clothing irisulatiohs c^an be used to. 
Convert any (iombinatif^ of dry bulb t^mperature , jelative humidity, air movement to. an 
equiH>alQnt ASHRAE Effective Temperature EXt^r. From these charts the reader 6an' recognizej 
for himsell additional strategies possible^ tb meM the 72°-78° F (22.2^-25.6° C) ET* ' ^^"^ ' 
necessary for 80% acceptability. ' ' . * ' ' . 

I . ^ ' ' ' . * " ^ ' • ' 

Key Words Effective Temperature (ET*) , Clotfling Insulation^ Thefmal Acceptability, 

[Energy Conservation, Thermajl Prefefence*^urv6y", Wlntec Temperature • . 

' IGuidelines, Summer .Temperature Guidelines 

— ^ — ^ 1 l22L2 * 

^late'^Fellovl of the P-ierce Foundation * ^ ' ' 



CON^SERVATION OF ENERGY BY REDUCING JUEL CONSUMPTION for heating during* . 
winter and for air condftlqnlng during summer is an e^sy technical possibility when the living 
spQce is cooler than normal in the winte.r /nd warmer without humidity control in the summer. 
The question arises, how can these changes be acQomplishdid without losing the general - 
acceptability o'f such a wor^^ing environment. Based on the combined advice of many pro- 
fessional organizations, assembled ,for a three day conference. in November 1973 at Airlie 
House, Arlington, the FederallBnergy Administration (PEA) introduced in summer 1974 their 
Guidelines for Comfort Conditions in Government Building s and Homes in General, For . 
winter, indoor temperatures were to be set at 68^-70^ F (20-21 C) and for summer at 
7'8-80° F (25.€-ZS.7^ C) " The summer setting. wguld be accowlished jwithout humidity 
control ahd reheat. Thes^ design values'yvere chosen as being 6° F (a*3° C) above and 
b^low the optimum level of 75° F UZ.f C) currently set by ASHRAE Standard 55-74, 
.Thermal Environmental Comfort Conditions for- Human Occupancy. 

In July 19J4*, the late Dr. Ralph Nevins, and the Pierce Foundation, wei^s contracted 
by the PEA to initiate a series of laboratory tests and fie'ld- surveys to-determine occupant 
reaction to their proposed' Guidelines . 'The complete report has been published (March, 
1976) (1). In the present paper we j/viU briefly^ summarize results and general implications 
of the two field surVeys in a New York GSA multistory office^^DUilding* My associate 
Dr. Richard Gonzalez is covering the laboratory tests associated with the present sti/dy 
'and will present their behavioralOmplicajtions . In the j^resent paper we will summarize 
from a short l!^terature survey the expected effect of the PEA Guidelines on man's health 
and performance. Finally we will present a series 'of working charts by which the 
, reader can see how changes in humidity, ambient temperature, airmovemeat, cldthiAg 
habits and activity can attain^environmental acceptability^ within the Guidelines as well \ 
as compliance with the^ASHRAE Standard 55-74, which requires an EffectWe.Hefiperature, 
'(ET*) that lies in range 72-78° P\(22.2 -25. 6° C). 
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THE SlfMMER SURVEY OF THERMAL PREFERENCE 

The summer survey of thermal preferences was made of typical groups of workers in the 
General Services Buildirtg, 26 Federal Plaza, New York City.. Of the 46 floors in the GSA 
Buildings the 23rd, 26th, 33rd.and 39th floors vyere selected for the survey. Approximately 
230 peoijle were questioned twice; in all approximately 460 responses were obtained. 
During the distribution and completion of the que stio'nna ires, ,the dry and wet temperatures, 
the air movement, and the Black Globe temperature were evaluated in each local area. From 
these four basic measurements and from the clothing insulation worn (as determined from 
the questionnaire) it was possible to describe quantitatively the thermal environment and to 
correlate these values with thevthermal preferences presented. The outside weather data 
was taken from'the STaily weather records for the test period (1^00-1500. EST) at,'Central 
Park. The'se records agreed well with casual re.adings in th^^ad^ ^t street level outside 
of the GSA' Building itself. , ^- . , 

. . ' r , - • ■ 

During the survey period the outside weather temperature averacfed 75.3*^ F (24° C); 
the average dew point was 61.4° 5fe(r6° C) which corresponded to an averaqe humi4itv of 
60% rh. The average dry bulb t^perature indoors, .was 7^° FJ23.3° O with a dewpoint of 
58 F (14.5° C) and relative humidity of 59?. The i^nge of indoor terrperatures surveyed ex 
tended from 72. 5° F 122.5° C) to 78° F (25.5° C).. Over half the responses yvere made at . 
temperatures between 72° F and 75° F^ Due to the generally pleasant outdoor weatljer con- 
ditions a^nd an obvious lack'of need fpr air conditioning indoors, none of the'test conditions 
fell in the FEA Summer Guideline ar^a . 

For the survey group the average intrinsic clo was 0.45 'for males* and 0.35 for females. 
For both seices the metabolic rate was estima^d as 1 metf There were no significant re- 
lationships' to age. * * 
* • ' * * 

By u^irtg c?bss- correlation methods of apalysis, the following significant observations 
w^re made: \- ? , . - 

Ti. Cross-Tabulations: Temperature Sense vs Comfort Sense tentire group) . 

^, „..Uncomf. V TTnrni»f rTotals 



(Row (Row ^ , (Row N' (Row N 

%) N .(Col^ %) 'N {Col ^ • %) ^ * * %)•* 



'Cold 2 (1) — ' . 27 (21) . 6 r35 

Cool "" 67 (22)* • 19 (15) ' -\ (T (28) ^L86 

Sit. Cool . 77 (25) - V - 10 (8) ' r87 

Ifleutral 117 (38) ^ ^ 7 (5) J (61) 124 

Sit. Warm . 36 (12) * 32 (25) L68 

Warm ' 7.(2) 3i (24) . 3 n^) [741 

.Hot ' 3 H2) 4 - lS.7 

* t « 

•Totals (68) 310 (100) (29) .12^ (100) (3) 1,3 , (100) 45Z 



The 'above tab(Ie showsl that: , 



(1) The %*of those voting "SI. Copl-NButral-Sl. Warm" and^of those voting "Comfort- 
able" were essentially equal at 68%. Thus either grouping may be considered as a good 
index of acceptable* ^ o - i , 



(2) Of those voting "Comfortable", there was a tendency to .prefer parallel 'cool sensa- 
.tion over a wamisone. Ihis proyed specially true both for fanales and for the 51-70 year age 
group. XJiis ^symmetry was not typical of a general population as' most of the test conditions 
fell Im temperature ranges expected for cool and comfortable. 



B. Cross-Tat(^latlon: Perspiration Sense vs 'Comfort Sense 



% with 



NONE 



Slight Moderate Heavy + PSENS Total 



— «r 








^ 














(Col. %) 






. Row % 


CoL % 




A Conif ^ 


222 


(78) 


70 


16 . 




28 


52 


308* 


f ^.5Jnc<:)?hf . 




(20) 


42 


27 


2 


55 


43 


129 


Very Uncomf . 


6 


(2) 


^ 2 


•4 ^ 


1 


54 


3 


.13 


N (Row%) 


285 


(63) 


114 (25) 


47 (10) 


3.(2) 




450 



The above t^ble shows that; . ( . - ' ' - ^ 

(3) Althodgh only about a third of the group stated they had a strong perspiration sense , 
this sehse was associated with "warm" and "uncomfortable" V^s. ^ 

' ■ ; ' " ' / " ^ * - 

C, ,Cross-T ambulation: Dry-Etumid Sense vs Temperature Sense ' ^ 

* ^ _ , * , Normal < ' o * 

Very dr? Dry (Neytral) Humid ^ Very Humid Total . 



Cold 
Cool 

Slightly Cool 



Neutral 



Slightly Warm 



Warm 
Hot 



Totals 



3 
' 2 

2 



64' 



15 
19 
23 



14 
51 
56 



3 
13 
7 



27 



37 
87 
88 



23 



83 



13 



123 



23 



14 



.11 



5 , 



37 
'2T 



1 
*5 



66 



14 



99 



223 



-96 



' 15 



41 
1 



4^ 



fs] Sum. of observations^ T ' ' , * " 

. \ ' \ • ■ ' 

(4) In Judging air quality, described by "Dryness" and "Humid", the 
former significantly c&rrelated.with a sense' of "Cool" and the latter wltji a sense , 
of "Warm". " . ' ^ • ' ' 



■ -' < \ 



D/ Cross-rTabuiationj Air Flow Sense\ s Tempera turd «Sense 

Air Flow ^ t \ 

S6nse ' ^ Pleasant , Neutral Unp^leasanf . if 

Temp.N^ (with tilgh air rQovement) < (with low ainmbvement) Total 

•Sense 



Cold-Jpool 
, SI. Cool 

KTeutral 

Sl.-Warm- 
' Warm-Hot 



N (row %) 



^8.6 (41) 

32 (26) 
9 (8) 



63^(29) 

63 (*51) 
27 (23) 



64 (30) 

28 (23) 
79 (69) 



212 (100) 

123 (loor 

115 (100) 



127 (28) 



152 (34) 



'171 (38) 450 (1^00) 



was 



(5) When air quality was Judged by the "Pleasantness" of air flow sensev 6&% of the 
group had, a positive feeling divided between "Pleasant" and "Unpleasant". '."Pleasant" 
usuall^T associated with "Cool" and "Comfortable" sensation and "Unpleasant\with 
"Warm"*' and, "Uncomfortable" sensations. 

E. - Gros^t'Tabulation: Temperature Sense vs- Air^Temperature • 









si. 


• S 


Neutral 


S • 


SI.' 






Cold 


Cool 


Cooi 


Cool 


-EN . 


• Warm 


Warm Warm Hot Total ' 










(Ro^ %) 


(Row %) 








S 22.5 (72. -5° F) 


13 


13 


10 


3£^(59)^ 


18 (29) 


, 9 (15) 


< 5, 


2^ 2 63 


' 22.7 22.5-22.9 


6 


. 21 


12 


39 (42)" 


30 (33) 


^33(36^. 


15 ' 


7 L 92 


23.2 *'23.'0-23..4 


^'7 


19 


26 ' 


52 (57) 


24 (26) 


I6h7) 


• 9 


^ 7' 0.: 92 


^3.7 23.5-23.9 


,4 


11 


8 


23*(^9) 


11 (23) 


13(28) 


^ 8 


4 . 1 47 


24.2 24.0-24.4* 


' 0 


4. 


7 


11 (33) 


7 (21) 


15(45) 


6 


8 ^,1 33 


24.7 .24.5-24.9 


,0- 


2 


6 


• 8 (18) 


14 (31) 


23(51). 


-13' 


10^' 0 .45 


25. 2 25.9-25.4^ 


0 


0 


.r 2 


2 (15) 


r4 (31) 


7(54) 


V 3 


; 2 . ^ 13 


^ 25.0 (77°F) ^ 




* 








*6 ' 





Col. Total (Row %) 
(% Total) 



30 70 71 171 (45) 10^28) ,10S'(27) 58 . 40 7 384 
<8) (18) (18> > . ' 4^5) ^^Qy 



(6) Although the- maximum probability of thoie-votirig both "Cool" a'nd "Warm" 
occurring- af 74.8^ J (23.9^*C), this temperature did not throve to be, the temperature 
range where the greatest number voted "Acce^Jtable" as Judged by' "Neutral" aijd 
"Comfort" sensations. \ - ^ 
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F. Cross -Tabulation: Comfort Sense vs Air Temperature 



Comfortable Uncomfortable Very Uncomfortable . Total . 



< 22.5 
22.5-22.9. 
23.0-23.4 
23.. 5-23.9 
24.0--24.^4 
^4.5-2.4.9 
25.0-25.4 

M 25.5 ' 



Col; Total 
(% Total) ^ 



(Row' %) 
37 (60)^ 
71'(76) 
67 (72) 
31 (62) 
22 (67) 
27 (59) ' 

9 (69) . 

0 



.22 (35) 
19 (21) 
, 25 (2Z)^- 
^.-^ TT^) . 
9 (27) 
18 (39) 
2 (15} 
0 



264 (68) 



113 (29) 



3 (5) 

1 (1) 

1 (2) 

2 (6) 

1 (2) 

2 (16) 
0 



13 (3) 



62 (100) 
93 (100) 
93 (100) 
^(100) 
3 (100) 
46 (100) 
13 (100) 
' 0 . 



390 



♦ (7), The entire temperature range of the survey (72.5-77.9° F) or (22.5-25.5° C) was 
considered comfortable by 68% of. those voting and lay, for the most part, on the; cool 
side of the optimum, which would have been expected- theoretically at 78° P (25 .'6^ C) , 
for the average clothing worn { ^ 0.4 Clo). * 



WINTER SURVEY OF THERMAL PREFERENCE 



The winter survey was made at the same building location (GSA Building, Federal 
Plaza, NYC) as the SuEomer {Task n). The last two weeks in January and the first week 
In^febniary were chosen for the study. The questionnaire for Winter was essentially^ 
the same as that for Summer except for the additional interest in the effect of cold 
extremities^. The sections of the building surveyed were the same as before. All 
instrumentation was identical to the previous study. The mode of*the survey was 
slightly different in that half of the observations were made in the aftemoon^and the 
other half in the morning before lunch. 

The number of questionnaires completed was 514 from a maximum of 262 individuals. 
The.Aumber retested ^as 125\ 



The outside weather conditions were ideal for the survey "aijd typical for the 
The average outdoor temperature was 34° F; the lowest wis 17° F and t 
The outside. vapor pressure ranged from. 1.6 Torr to 7.1 Torr with an aV^rage 
which value corresponds to a dew point of 30° F. . * * 



area. 
43° F. 



ew^York 
ivarme'st, 
of 3.6, 



Indoor temperature during the survey varied widejy, due to the poor control of internal 
temperature by the building engineer. The average indoor t'eniperatUre w^-Sy4bout 77° F; ^ 
80% oFthe observations were evenly distributed over the 73° F-81° F ran^e.^ The highest 
zone temperatlire observed was 84° F while the lowest was 71° F. Although the indoor 
temperatures were well above the FEA Guideline level of 68°-70° F (in.'spite of frequent 
complaints to the building «ig*ineer that the test areas were too warm/, this relatively « 
eVen temperature distribution from 73° to 81° made ppisible; ^•significant statistical ' 
analysis of thennaFresponses over this range so that c^ar^onable projections could be 
made to'wartiia both the FEA Guidelines for both Winter Snd Summer/ 
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*^ii?/?y.®^9e,dew point tempera tura was. 44° F/ corresponding to an average indoor , • 
relative humidity of 30%. The average indoor air'moitement was about 30 i 10 fpiA. 

The average'intrinsic clothing insulation worn to work was 0.7 clo for menand0.65(pr 

vnomen- These values are 50% higher for men and 100 % higher for women than those ob- 

served'durlng the Summer Silrvey. Thus people dress for work according to ouiside weather 

conditions rather than for the expected ideal office temperature or for their often pver- ^ 

heated,offices.in the present buil$ling. - / 

• 

From a cross-correlation analysis, the observations with high significance were 
as follows: 

• : • ' • ' 




G. Cross -Tabulations: Temperature' Sense vs Comfort Sense 




Both Sexes 


Comfortaljle 


Uftcomfortable Totals 






* VT ft c/\ 


il 

N (Col %) 




Cool and Cofd 

SU Cool-Neutral-Sl. Warm 

Warm-Hot 


. 299 (76) ' 
43 (8) 


« 

03 \oL) GO 

9 (9) \ 308 
61 (SQ) ina 




. Totals 


395 


103 498 • ' 




♦ 

• 

Males S 


iCdmfortable 


Uncomfortable 'Total 






' ^ (Cbl %) 


N (Col %) ' 


Cool and Cold 
J SI. Cdol^Neutral-Sl. Warm 
' Wann-Hot L 


^ 18(10) 
143 (81) 
16(9)' 


3 (8) , , • \ 
29 (79],, , ' 




Totals ) 


177 \ - 


38' 215' • 




/-^ 






•• 


Females 


Comfortable 


IJncomfortable Total 




\ 

c 


N (Col %) 


N (Col ^ • 




Cool and Cold 

SI. Cool-Neutral-Sl. Warm 

Warm-Hot 


Go (19^^ 
143 (68) . 
27 (13) 


25 f40) ^ 

6 (9) • ' . 
32 (51) . 




.Totals 

' 


210 


63 273 , • . ^ . 


>*/ 




• 


, • i * 




• • 

« 


• 


( 

• 


^ ;^ 
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Age CoL % Comfortable Col . % Uncomfortablfe ^ 

Ag^ yrs . • Age yrs . . • 



Group ^ ^ 


<3''o 


31-50 


>50 


<30 


31-50 


■>50 


Cool-Cold : ■ 


■ 18 


15 


15 


52 


'.■'lo 


41- 


SI.. Cool-Neutral-Sl. . Warm 


68 






10 


- .7 


10 


Warm-Hot ,^ ' . 


• 14 


1-2 


.9 


38 


. 83 


4? 



The above tables show: 

(1) As high as 79% all observations were in the "Comfort" category. This sens? of 
comfort was primarily associated with a general neutral thermal sense. Of the remaining, 
who, voted "Uncomfortable", a majority (91%) always associate their feelings with either a 
sense of coolness (32%) or wannth>'(59%). 

^2)- For both men and women, the trend above for "Comfort" was the same. However, 
for " Uncomfortable % mea.associate this . feeling primarily with warmth^ whijle women were 
eqtially divided between cool and warm. ^ . • 



Comfcttable T . Uncomfortable 



While Air Flow^ 
SENSE was: 


*^easant 


Unpleasant 


Pleasant 


Unpleasant 


Col SN 


274 


20 


V 

107 * ' 


80 

% 




(Col %) 


(Col %) 


f : 

(Col %) 


I 

(Col %)- 


^Cool-Cold-- 


41 (15) 


' 21 (30) . 


6 (20) ' " 


25 (31) 


Ai Neutral 


211 (7'7) 


65 (15) 


'3 (60) - 


6' (8) 


Warm-Hot 


22 (8) 


J 21 (55) ' 


11 (29) 


49 (61), - - 



Total .(N) 481 



(3) A cool air flow sense Improved Comfort, 



While^ Coiiifort 
was (below), 
Air Sense was: 


r- 

Dry 






Normal 


Humid 


Total • 




Row (%) N 


Col (%) 






^- 






Comfortable * . 
Uncomfortable 


(48) ,193 
(66). /' 66 


(75) 
(25) 


(46) 
(12) 


186 (94). (16) 
13 (6) (23) 


-24 (52) (100) 
22 -(48) (100) 


403 
100 


(80)f 
(20) 


Total • 


(51) 259 


(100) 


(39) 


198 (100)(10) 


"46 (100) (100)- 


503 


(100) 



' (i) A sense of air dryness in^ir quality could account for 66% of those voting' 
urtcoinfortable and coolness; . • ' ' ' * 



Cross -Tabulation: Temperature Sense v6 Air Temperature 
AH observations: Winter Study 



^emp. Range ^ C 


22.-22.9 


23.-23,^9;. 


24,-24.9 


25.-25.9 


26.-26.9 


27.-27,9 


Total,' 


No. Obs. A 


38 , 


108 


79 


102 


125 


^45 


497 


' % Cool-Cold 


37 


,28 ^ 


.24 


17 


14 


0 




% tis Neutral 
(Acceptable)- 


63 


70 


'67 


66 


55 


f- 

24 




% Warm-Hot 


0 


2 


9 


17 


31 


76 





(5) The temperature range for maximum acceptability J[l,e._those who da not vo^b 
"cool-Cold" or fwarm-hot"), is (72.5^-76° F) for men at 80% level and (72.^^-78° F) for 
women at 60% lev^l. For maximum etecept&nce at 70%, the temperature rang^ is 74^-77. 7^ 
which fall^' within temperature rangp for Comfort prescribed by ASHRAE Standard 55-74. {. 
This isjllustrated in Figure 1 for ^11 subjects. . - , 
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NYC WINTER SURVEY * O ^ OF COOL^HXLCi VOTES/*TOUL VOTHS% 
JAN. 7!? ' - rOF WA^»(M«T'wtEV*rofk VOTEic% 

ALL SUBJECTS^' . Q S OF HElirRA^rSU COOL-SU vaWI VOTE/ 
TOtAL VOTES % (ACCEPTABLE) 




22* C ET-i i Llt-iT* 

ASHRAt COMIijORT 



22 



26 



-J 



30 •€ 



24 26* 
To OR ET* 

Figure 1 . Percent thermal sensation vs T^ oa probability 

coordinates - all subjects. Since average I^j^ wa& 0.6 

and humidity 40-50% RH, T, = ET*; by definition. 
* a 



/ 



:erjc 



113 



(6) The temperature range for 80% "Comfof-table" is 71.5°-78°; for 90% comfoftaye, 
the range narrows to 74^-76°. The optimum. temperature for Comfort is 75° F for our 
s^irvey, .In terms of ASHRAE ET* (i.e. equivalent temperaliure for 0.5 Clo and 50% rh), 
^ this pptimutn qorresponds to 74° F. This is illustrated in Figure 2 for'dU subjects. 
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NYC WINTER SURVEY 
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ALL SUfiitECTS 



80 
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1 

ASHftAE 
ET*\ 
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% UNCOMFORTABLE # ■ 



AV. do % 0,60 clo 
To CiASHJlAE ET* 
ALL SUBJ.« 492 OBS. * 




-60% LEVEL 
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«);%LEVEL- 

\ 



30 •C 



Figure 2 . Percent cofiifort-uncomfort^le sensation vs ^ ^ 
Tg on probability coordinates. ^ v-^l 



/ ^ 



(7) The temperature range for C6mfbrt found in the present survey matches the range 
^ for-Comfort, prescribed^ by ASHRAE Standard 55-74. 

' HEALTH EFFECTS OF MODERAX^E THERMAL STRESS 

The present phase, of our FEA study on the effect of the Guidelines was a -survey of the 

literature on the effects of moderate heaT and cold stress\ • ' / • 

> • 

The effects of moderate heat stress have recei\rdd by far the greatest attention In. the 
literature by^liniciafis, meteorologists, physiblogists and statisticians, The most recent 
and perhaps now ,cTass|cal study^was done by L§e and Henschel (1963'){2) on the, effects of 
heat stress that migJti^ be encountered in failout shelters - a great concern at th'^l period 
* of history. The conclusions of th^lr qtudy were clinical Judgment's for aji abnprm^^l minor- 
- ^ty^of our population under he^t stress well above 'moderate levels. A second nov). classi- 
* cal s^ies of.studies was the v^ork'o! Burch and DePasquale (1962)(3) summarized in the 
• 'K ' ^ ^\ - ^ \ . 

' ' ' * ^ . 102 ^ ♦ ' ^ - J \ 



book on the elfeots of air conditionincf warm and humid chambers on the heart of normal 
' ^nd chronic patidgts . They did show that heart patients , who showed no deleterious 
. health effeicts at 75^-76^ F (23.9-24.^ C) were selected for large exposures to 84^-86° F 

.(28^9^-30^ C),/a level slightly above the FEA Guidelines. 
/ * 

^ There is very little in the literature on the effects of moderate cold, which can best 
be clefined as/occurring when skin temperature falls below 85^ F (29^ C). Extreme 
cold has loHa been an interest of the Armed Services, vrtiose moribers must perform at teiiperatures 
well below' freezing. The laboratory studies, to be reported by Dr. Qonzalez, are the 
best available for the lower Guideline temperatures (68^-70° F or 20^-21° C). 

PERFORMANCE UNDER GUIDEJLINE TEMPERATURES , 

/ . ■ - \ ' • 

Tte ea'tliest observations on the practical problem of performance of mental and physi- 
cal taifeks for working mai/appear to be those of Vemoh (4) during the First World War. He 
equMed accident frequency with atmospheric conditions (dry bulb temperature) in a muni- 
tions factory. For each work spell, the frequency of minor accidents was recorded • A 
rough calculation of the accident frequency showed that accident frequency was least 
among workers at shop temperatures of betweep 65 (18° C) and 69° F (20° C). For 
^cooler ambient temperatures of less than 65° C (18° F) or higher ambient temperatures 
69° F (21° C), the frequency of accidents increased. 

I The classic studies of Mackworth (1946)(5) §nd later Pepler (1^965)(6) at Oxford were 
'don e specif ipally to quantify any deterioratiocr in task performance as a^unction of warm 
ambient conditions. In the ^tudies 6y Mackworth male wireless telegraph operators, Jn 
laboratory conditions, were^ studied. Their activity would be comparable to our everyday 
office work. .Before the main study the men were acalimati^ed to heat at 95°,^F (35° C). 
for 3^hours a ^ay, 5 or 6 da^s a week. The actual work procedure was for 3 hrs, at dry 
bulb temperatures of 85° (29.5° C) to 105° F (40.5° C) and wet bulb temperature 10° F ^ 
(5^6° C) below DB, during which time 9 messages irom a pool of 250^roups w^re trans- 
mitted at a speed of 22 words per minute. 'The subjects were dressed^lin gym shorts 
(approx. 0.1 Clo) and air velocity was at 100 fpm (0.5 m/s). The t^ble below shows 
their avei:aged obseryed data . 

Table 1 . Average mistakes per hour. / . " . ' ^ 

T^ °F(°C) i 85 (29.4) 50(32.2) 95 (35.0) f 00 (37.8) 105 (40.5) 
Conditions * * 

Wet bulb °F (°C) 75 (23.9) 80 (26.7) 85 (29.4) •90*(32.*2) 95 (35.0) 

' * 

RH% 63 65 ^ * -66 " * 68 > 69 
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63 


65 


•66 

— i — 


12 


11.5 


.15.3 


0 


' 0 


^ 30% 



17.3 94.7 

Decreme nt in performance ' ^ 0 ' 0 . 30%' 47% 700% 

' ■ ' . : . 

^Mackw6rth*s findings showed that increases in both dry bulb and wQt bulb tempera- 
ture sJlm paired the accuracy of the operators to record messages over the t^ephone and 
that decreriients in task performance were primarily a function of the skin of the operator. 
Very^skilled operators showed no significant ;r^istakes until DB reached 100° F (38° C).* 
andwetbulb wasat90°F.(32°C). X* 



By using the above tabulated basic data, plus the fact that the activity was about 
1.1 met, which is typical of the metabolic rates for an office worker, his data have been 
standardized to the ASHRAE Effective Tei^iperature ET* as shown in the following table. - 



ASHRAE ET* ~ 


1 

TSENS 


2 

DISC 


(w) 

% 


Av. mistakes/subj. 
per hour 


Decrement in 
performance 


74^0 (23.4) 


- .1^ - 


0.1 


6 


. 12 


' 0% 


80.6 (27. 0\ 


1.4' 


.4< 


• 13 


11.5 


0% 


88.7 (31.5) 


3.0 


1.6 


26 


15.3 


30% ' 


98;6 (37.0) 


4\6 


2.3 


51 


17.3 


47% 


109.8 (43.2) 


5.2 


- 6.3 


100 


94.7 


700% 



1 * 

- 1 - SI. cool; 0 - Neutral; 1 - SI. warm; 2 - Warm; 3 - Hot; 4 - Very hot; 
5 - Intolerable 



0 7 Comfortable; L - SI. uncomfortable; 2 - Uncomfortable; 3 - Very uncomf-6rtabl4 

From the above studies of Mackworth it was clear that up to ET* levels of 80^ F . 
(26.7^ C) no significant decrement of' performance would be expected. The ir^al 
decrement could be expected for an average person as ET* rises above 82-8^^ X 
(28^-29^ C) levels. " * , ' . 

DecreinentS in performance ''toward the cold for a simiFar type activity as Mackworth* s 
would depend primarily on the temperature of the fingertips and hands. The vertical finger^ 
skin temperature olies about 75^ F (24*^ C) wlfiich wou^d occur for normally clothed ^er^ons 
(0.6 « 1 Clo) for ambient temperatures well below the guideline temperature of 68^ F 
(20^ C) , ^ , . ^ , 

Our final conclusion was that the_FEA Guideline temperatures for heat and cold should 
cause no significant drop in performance JSer se . 

ROLE OF CLOTHING IN MEETING BOTH FEA ENERGY CONSERVATION GUIDELINES 
AMD ASHRAE STANDARD 55-74 . ' 

In revieviitig, the ASHRAE Standard 55-74 (Therinal Environmental Conditions for 
Human Occupancy) describes the optimum "Comfort Envelope" as being the adjusted 
dry bulb temperatures falling within an envelope defined on a psychrometric chart by 
71.6^ F (21.9^ C) and 77.6^ F (25.3^ C) at 14 Torr (1.9 kPa) and by 72.6^ F (22.6^ C) 
and 79.7^ F (26.5^ C) at 5 Torr (0.7 kPa). In terms of the new Effective Temperaiture 
(ET*), defined as the adjusted dry bulb temperature at 50% relative humidity, the optimum 
ET* range lies between 72^ F (22.2^. 0-78^ F (25. 6^ C). Ftuther this optimum range 

"^ppliQs ior normally clothed people while engaged in sedentary or near sedentary activi- 
ties, such as light office worTc. The Federal Enecgy^opservation Guidelines for control ' 
of indoor environments in goveijiment office buildin^sl require' that dry bulb settings in 
the winter be within 68^ F (20^ C) - 70^ .F (21^ C) and in the summer be 78^ F (25*6^ C) -^^ 
BOO F (26.70 c). The feasibility^ of the higher guideline 80^ F (26.7^ C)-820F (27. 8^ C) 

'has also been considered. Summer setting should bp accomplished without humidity 
control and reheat'. The question is now how do the Standard and Guidelines relate 
to each other* 



. The Pierce Laboratory's FEA sjurvey of thermal preference in.a typical government 
office building locaited in New York City during both the summer, 1974, ahd winter, 1975i 
produced two general observations. The first was that, during the winter, an acceptable 
environment (defined by Standard 55-74 as a_n expression of thermal comfort by ^0% of, 
those surveyed) occurred over the 72-78 ET* range and thus fell .within the ASHRAE "Cbm-*^ 
fort Envelope. " Further the average clothing insulation worn in winter was approximately * 
0.6 clo (i^jtrlnsic) for both males alid females. The average activity was rated as 
sedentary office work and fell in range 1.0-1% 2 mets {60-70;W/m2), Air'movement 
observeci was within 20-30 fpm (0. 10-0. 15 m/§) .JA'se^cond general observation was that 
this same working^opulation habitually clothed themselves for office work according to 
the season and outcfoor weather conditions prevailing rather than for any expectation of , 
the indoor climate, whiqh ^yas on an average 75° F (23.9° C) the year -round. During 
the summer the average clothing insulation worn^in New York was 0.4 clo; men wore' 
a slightly higher value of 0.45 clo, compared to the women's 0,35 clo value. Adjusted 
dry bulb temperatures within 72-V8° F range proved t o be on cool side while wearing 
such light clothing during the summer. ~~ 



Our laboratory study on FEA Winter Guideline Tempeijatures , which is being covd-ed 
by my associate Dr. Richard Gonzalez today, shows that the 80% acceptability criterion 
was^ possible.for groups of subjects exposed to 68° T (20° C), spe^cially if they were 
given access to additional clothing insulation for comfort. -In hi^study, the wearing of 
a clothing insulation of about I'.O clo (intrinsic) proved Sufficient to make ,68° F (20° C) ^ 
fall in the 80% acceptability range. . ^ " * . • • 

• • ^ • - . * c 

Our Summer Laboratory Study (al^o covered by Dr. Gonzalez) shoWed that, when 
light clothing insulation was worn, it fell in the range 0,3-0.5 clo, and thermal 
coipfort was achieved by the majority of those tested up to 82° F (27,8° C),. J • 

Oxir studies on clothing requirements under FEA Temperature Guidelines Conditions 
indicate in general that thera is a need to relate^ the eqjuivajence of various levels of 
clothing insulation* worn under Various. environmental conditions to the Comfort ^ 
Envelope of ASHRAE Standard 55-74. For this puffjose we have used thie latest dyna'tnlic \ 
inodel of thermal/egulation (7) to calculate ASHRAE ET*. The particular featujre of this 
, FORTRAN program is that the 'ET* can be calculated. from the tesic envirqnu&ental coniii- 
tions described by (1) activity (metabolism)^ "(2) opera tive.temper^tulte or ambient air 
and mean radiant temperature, (3) room air movement, .(4) ambient vapor pressxire (or ' . ^ " 
relative humidity) ^nd (5) the intrinsic clothing insulation worn. Thaba|i'c clothing 
and'^heat transfer conditions associated witil the ASHRAE ET* are used as a stan(Jard 
for comparison/ Any thermal environment can be descHbed tn terms of the temperature 
of a standard equivalent environment controlle.d at 50% relative humidity \^ith air move- 
ment of 20-30 f^ (0.1-0.15 m/s) in wfiLch a seden^^^sujDject (1-1.2 mets) wearing a 
'standard 0.6 intrinsic plo would exchange the .same amount* of heat by raltiiatioh,, con- 
vection and evaporation at the same thejrmal strain, as he would in the actual working 
environment, descrit^pd by ^adjusted dry bulb or operative tempera tiSe, air movement . ^ 
and humidity and*plo thing insulation worn'.. See Appendix T fof" calculation of ET*, 

^ The^p|imary objective of this section Is to, show how clothing .insulation worn cart 
bejised as^ a^^key parameter in choosing the proper*"Combinatlon of environmental 
factors thSt fit/the ASHRAE ET* Comfort Envelope (72r78° F) as defined by ASHRAE 
Standard 55-7.4 an^P^condly to show what pcactical clothing strategies ir^/bquJunctior^. , 
with existing" Klmiidity and air movement are possibly to make the ?Ek^l^r(i^'r^S\iTjirner 
Guideline Temperatures fit within the basic ASIfRAE Comfort Envelope. \ 
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In^i^s, 3-6'; which are all applicable tor sedentary activity, the upper and lower 
temperature limits for 80% dceeptability have^jpeen drawn %s horizontal Unes'at 72° 
^2a® C) and 78° F (25 .J^ C) ET* on-^e^oHinat^ in-a6cordai|ce with Standard 55.-74^ ' 
The abscissa, is ambient dir temperature (T^ = MRT) orth^ad'justed dry bulb^temperature; 
Our New^ork survey showed that 90% acc^tability wqui^d fa 11 Within the ET* limits - . 
74^' F (23.1° C)-76.5° F (24,5° Q). Each/igur^jjahov\js wha,t clothing insflation will re- 
sult in y^ftues of.ASHRAE ET* that fall withlii^iJi/80% acceptability ranges for the air 
movement and relative Ifumidity indicated, '^^^^ ^ 
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22 24 26 28 , 30 32, 
. AMBIENT AIR TEMPERATURE X 

Figure 3. Relatiori of ASrfRAE ET* temperature with varying 
clothing insulation for 40-60% relative^humiditj^ and 2Cf-30.fpm. 
Notej/ Since by definition ASHRAE ET* describes" th^ e|ffctive ' 
tempera^jure as the drV bulb at 50% rh associated'v\7ith O.6.GI0 
and 20-25 fpm, the locus of ET* vs T^' for ^6 Clo is xilways a 
straight line with unit slope*. - 
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figure 3 relates ASHRAE* ET* €^t normal humidity (50% RH) and air movement (0.1-0. 
m/s\ 20-30 fpm), ^to the ambient air temperature or operative temperature (or adjusted 
dry bulb).for various Clo-levels. The 80% acceptability rang^ of 72°-78° F is, covered 
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best by 0.6 dlo (by definition),. At the FEA Winter Guideline temperature of 68° V 
(2{p C) an acceptable CloTangQ would be 0.9-1 .s! At 72° F. (22'. 2° C) the range, of ' 
acceptable Clo Is 0.6-1.2 clo; at 78° F {25;'6° C) the acceptable clo range. is O.l'tp 
0.;6 clo; at 82° F (27.8° C) the rangfe of acceptable *Clo narrows to 0-0.2 clo. For 
0.4 clo the range of 80% acceptable. extepds from 74° F'(23.5° C) to 80^ F (26.7° C). 
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Figure 4. Relation of A^RAE^ET* to T wlth^vaVylng 
do Insulation for 60-80%>h and other^actors the* 
same as In Figure 3. Note: Humidity Is typical 
of summer Indoors In NYC. 



Th^e conditions for high humldlty.and normal air movement, such as would occur In 
simmer' tlm^, are Illustrated In Figure 4. The acceptable clo thing JLimits at 68? F (2^^ C)'' 
, remain essentially unchanged over those ln^ig*.y3. *'At 80° F, the upper FEA Summer Limit, 
the acceptable Clb-range would be only 0-0. Is/clo, which values are obviously Im- 
practical for dally wear. The temperature rang/ for 80% acceptable wlfh 0. 6 clo narrows ' 
to 72W7° F'f220-2SO C) and^rises to 75-80°y^ (^3.*9--26.70 c). 



Low humidities such as would occur indoors during winter time or in desert dlimates 
and .with Rormal ^ moyejnent are illustrated in. Fig/' 5. The acceptable Clo railge for 64° F 
^'t is^slightly >iigher (1.0-1.6 clo) than valuer for normal humidity in Fig. 2. A 0.3 clo * 
ensemble would prove effective for the 78-80° F FEA Summer range but only marginally ^ 
effective at 82° F.' * * ' 




^v'Figure 5r^ Relation of ASHRAE ET* to with - 
varying clothing insulation- for 20-40% RH and other 
factor|,the same as ixi Figure 3. Note: Humidity 
Is typical of winter Indoors in NYC . 
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Figure 6.. Relation of ASHR^E ET* to^T with 
varying clothing for normal humidity and air 
movement In 80-IOrf fpm range. Note: Air 
movement typical under tropica IcelUng fans. 
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Figure 6 demonstrates how air movement (80 m 105 fpm), for example, caused by 
celling fatis^^uch as u§ej^ (fc tropics^ greatly Improves Conifort and acceptablUty while 
wearing .clothing in range 0^. 5 « 0.8 clo within the FEA- Summer tSuld^^ine te;nperatures . 
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0.4 0 . 6 clo 
Summer ~ Normal ^ 
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Figure 7: Clothing Ensembles for FEA Summer and Winter Guideline Temperature Ranges 
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Figure 7 illustrates typical cjothing combinations for both males and females that can 
be used to meet both the Guidelihe and ASHRAE Standard 55-74 

From the accompanying figures it is clear that a proper ehoibe.of clothing insulation 
c&n make^ wide range of ambient temperatures and air movements 'fit within the ASHRAE 
Comfort Envelope specifie/by Standard 55-74. The figures, also show how habitual use 
k of light clothing in sumi^r and wanner clothing in winter allow readjustnient of 80$ 

acceptable- ambient air/emperature and still meet the 72-78° P BI* standard. Finally, these 
■ figures sh6w why, as/was the case for the old ASHVE Effective Temperature of Houghten , 
and Yaglou (1923), dothlng habits of the past 6aused the preferred ambfent temperatures' . 
to be slightly high/r in the'-summer than in the winter for the same optimum ET*» 
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APPENDIX 1 

, Annoted FORTRAN Program for Calculation of ASHRAE ET*' 

The present program Is designed to calcuisk^h^ ASHRAE ET* when the foUowina basic 
factors are known and evaluated: * louowmg oasic 

♦ XA ambient air or dry bulb temperature "c 

■ the mean radiant temperature ' C ^ ' * 

- foom air movement • jn , g-l 

• • ??r>^ ~ f^il^^s h'^ldity as fraction 

' - intrinsio insulation of clothing worn clo 

• ACT , - level of activity in met units met ' 
. (ACT =ACT*58.2 in in program) 

' *. ~ *■ - work accomplished W • m"^ 

The above factors are defined by READ and DO statements . 

The basic physiological -terms used to descrlbT the regulatory model are as follows ' 
Secondary definitions will occur in the program itself. • * 

* ' . TSK . =v mean skin temperature . c . , 

TCR = •. integfel body^ temperature Q 

l^^^^ ^ <skij5^1oodflow . . ; Uters.m-2.h-l 

REGSW = regulatory sweating , g . nj-Z . ^-l 

Tl^e foUowing function relating saturation vapor pressure SVP in Torr tt> temperature T 
iff C is used. The function is known as the Antoine Equation. . ^ 

'SVP(T) . = EXPdS. 6686-4030. 183/(T+235.)) 

C STEADY STATE CHARACTERISTICS OP MODEL AT THEJ^MAL NEUTRALITY 
TTSK*34«0 

TTCR«36«6 / ' • - ' 

ALPHA«0«l , • * ' 

TrBM«ALPHAVTTS<+{l«-ALPHA)»TTCR ' ' 

CSW«25t)# ' - • 

CSTR«0^5 ^- ' . . , . 

C0IL«150# ^ - . . 

C iSlTlAt'^CONDITIONS-PHYSIOLOG^^ THERMAL NEUJRALITY ^ ^' 

TCK«TTCR "v 

^TBH«ALPHA»TS)C+ri«-ALPHA)*TCR ) . . <> 

SKBFN«6«3 « ' 

SKBF«S)CBFN ' , ' . ^ 

EV«an»ACT . ' ^ 

CLOTHING AND ENVIRONMENTAL HEAT TliANSFER FACTORS AT SEA LEVEL 
CHCA 15 EFF. "CHC DUE TO ACT IN STILL AIR ( TREADMILLWALKING) 
CHCA«5-.66»{ACT/58.2-0.85)»»0.39 ^^nii-i. kalmnbj 

C CHCV IS. FUNCTION ««-ROOM" A IR° MOVEMENT (VEL) " ' • . ' . 

, ■ CHCV»8.6»VEL*»0.53 

IFCCHCVrCHCA) <^.4i5 , . - " ' 

CHC«CH<Vk . . ... 

• - 'GO^TO 6 ■ 
"CHG«CHCV 

CONTINUE • ' . , • 
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-lULATION OP BODY- TEMPERATURE REGULATION - START OF REQ. LOOP 
CONTINUE 



1 . 



C CMC VALUE FOR STILL AIR IS 3.5. AT SEA L€VEL 

7 lFCCHC-3») 8f9f9 ^ . 

8 CHC-3.0 

9 . " CONTINUE 

FA<!L«lt+0fl5»CL0 

CHR«4»7 
CTC-CHC-KHR 

TO«CCHR»TR+CHC»TA)/CTC . . 

CL0E«CLO- ( FACL-1 . ) / ( 0* 1 55#FACL»CTC) - 
FCLE«l#/(l.+0.155*CLOE) ' ^ 
FPCL«l./(l»+0.143«CHC«CL0Er 
C TIME OF EXPOSURE SET AT ONE HOUR^ 
TIM«0. 
.^TIME«1. 

C 3|f4l ^ 

lOOt^ Cw., . ...^ 

U CL0E«CLO ( FACL-1 . ) / ( 0^ 1 55»FACL»CTC) 
' FCLE»l./<l.+0.155*CTC»CLOE) 
^ TCL»TO+FCtE»(TSI^-TO) ^ 

CHR « t.STE-S* ( ( ( TCL+T R ) /2 •♦ZTS . 2 ) ♦♦3 ) ♦0. 725 

; CTCfifclNR+CHC « 5 

'W«ICHR*TR+CHC*TA)/CTC - , 
. - ERES^O. 0023* ACT* ( 44.-fiH*SVP ( TA) ) 

J xXRBS»0*001<>*ACT*(34.-TA) 
C HEXT flow equation AT SKIN SURFACE 
' ORY«FCLE*CTC* ( TSfe-TO) 

ESIC-EV-E'RES 

HFSK.(TCR.TSK>*(S28+l.^b3*SK8F)-0RY.ESK 
HFCR»ACT*(TCR-TSX)*<5.28+1#163*SK8F)-CRES-ERES-WK 

C AVERAGE MAN 70KG» 1.8 SQ.MET-E^ 
TCSK»a.97*ALPHA*70. . ' / 
" TCCRa0.97*(l.-ALPHA)*70. * 
0TSK'(HFSK*1.8>/TCSK 

0TCR*(HFCR*l»8)/TCCf^ „ 

0TIM»l./6p. ^ ^^^^ 

OTBM»ALPHA*DTSK*( 1»-ALPHA^*DTCR 

' TIM«TIMtOTIM. / • 

■ TSK»TSK+DTSK*0TIM ^ , • y. 

TCR«TCR+0TCR*0TIM ' ^ ' 

C DEFINITION OF REGULATORY CONTROL SIGNALS 
^KSIG?5SK-TTSH 
IF(SKSi6) lOtlOflS 
10 - COLOS*-SKSIG ^ , r • 

warm's«o. ^- • . * ' ^ 

^GO TO--20 
\b COl.OS-0. — - ) 

WARMS'SKSIG 

20 CRSuIGaTCR-TTCR . ^ * , 

IF(CRSIG^ 30*^30*35 
30 <:OLDC»-<RSIG * ' , * ' . 

WARMC«0. . 

GO TO *»:0 , - , , : ' _ ^ < ^ 

3S WARMC^CRSIG . - - 

,COLOC*0. ? . . - 

40 CONTINUE ^ ^ 
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CONTROL SKIN BLOOD FLOW ^ ^ ^ ' 

STRIC«CSTR*COL0S - ^ 

''OILATs:COIL*WARMC 
SKBF«(SKBFN+OILAT)/(l. + iTRIc') 
RELATIVE WT. OF SKIN SHELb JO BODY CORE VARIES WITH SKBF " 

ALPHA»0«04415+0«351/(SKBF-0«014) 
OEFlNITlOfJ OF CONTROL SIGNALS FOR SWEATING 
TBM«ALPH^»TSK* ( 1 .-ALPHA ) *TCR 

BYSIG»TBM-TTBM ' <' 

IF(BYSIG) 50f50t55 , C > ^ . 

- 50 COL0B»-BYS4G 
WARMB»On ^ ' 
J Go TO 6U • ^7 

55 WARMB«BYS'^. ^ 

COLDB«0,. ' ^ ^ - 

60 Continue - ^ip *^ 
c Control of regulatory sweating * 

REGSW=CSW*WARMB*EXP(WARMS/10,l7) " * 

ERSW«0»68*REGSW . * ' 

EMAX»2.2*CHC*(SVP(TSK)-RH*SVP{TA) )*fPCL ' • 

PRSWt:ERSW/EMAX 
* PWET«O«06+0i94*PRSW 

EDIF=PWET*EMAX-ERSW ' ' ' . . 

EV=ERES+ERSW+EOIF . ^ 

IF<E«AX-ERSW) 70»70»75 * 
70 .EV=sERES+EWAX <^ „ 

ERSW»EMAX , 

EOIF=o. ' ^ ' ^ ... 

♦ PRSWal. . , , , 

PWET«1# 

• 75 CONTINUE • - ' ' ^ , - * 

r IF{TIM-TIME) lOOtllOtllO - - 

110 CONTINUE 
C END OF REGULATORY LOOP ' 

^ At the end of exposure TIME, all the basic physiological terms listed above are 
evaluated for activity and, environment defined above. The state of thermal dquilibri 
(STORE) and the skin heat loss to the envifonmVnt (HSK) now follow: , 

C CALCULATION OF HEAT STORAGE* ^ ' 

STORE^ACT-WK-CRES-EV-^ORY 
C CALCUMTION QF SKIN HEAT l;6SS« HSK ) 

' HSK«AlCT-ER'ES-CRES-WK-sf6'RE^ 
C CALCULATION OF ASHRAE STANDARD EFFECTIVE TEMPERATURE - SfiV 
C DEFINITION OF Al^RAE STANDARD ENVIRONMENr" ^ 

CHRS«CHR ' / • . ' 

C^ CHCS IS CHCA VALUE FOR ACT ^SELECTED,^ STILL AIR 

.CHCSaCHCA - J • - , 

'CLOS«0\6 • ' . \ 

FACLS-1.09 . / • 

CTfSaCHRS+CHCS . , . 

CL6ES«CLOS-{rACLS-l.)/<0«155*FACLS*CTCS) 
' FCLES3U/a«+0*155*C'TCS*CLOES) ' / « 

FK:CS3l#/a.+0#143*CHCS*CLOES) ^ • 

C STANDARD ACTIVITY POINT *\ 

TACTS=TSK*-HSK/(CT,(gS*FCLES) 
C AT SfART OF ITERATION 

SET«TACTS . ... 
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C OEF# OF SET IS SOLUTION OF* HEAJ BAL« EQ# WHEN ERROR»0*. ' 
200 *" €RROR»HSK-CTCS*FCL£«* t>rSK-SET ) -PWET#2# 2#CHCS*FPCLS* ( SVP ( TSK ) 
X-0#5#SVP(S€T))^ ' . ' 

IF(£RROR)21092209220 
210 SET»SET+0#1 • ^ ' ' 

GO TO 200 ' . , > 

220 CONTINUE n ^ 

For the present analysis, the following printout is useful. , • 

WRITE(i»4000')TAtCU0fACTfPWETfEMAX^TSK»TCRfTBM»HSKfDRYfEVfST0REfSET^ 
4000 FORMAT(13F7#2) ^ ^ 

END of program 

y * 

» 

The above program applies for sea level conditions and may be used to develop psychro 
.metric tables for clothed subjects in heated, ventilated and air-conditioned environments 
encountered in normal engineering practice and for prediction of comfortable-acceptable 
environments, when basic indoor temperatures are determined by a Building Simulatio'n 
Program such as the >ktional Bureau of St^ards NBSID. 

Fof Fig ' 3-6 the following cqmmon inputs were usedj 

« ACT = 1.1 mets for sedentary office^ work 

WK ' = 0. .■W*m-'2 ' . ^ 

TIME = 1 . ' hour- . ' ^ 

ta' = TR = TO^ °C . 

t 

Other environmental factors used are indicated on the figures themselves. * . 
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The major properties of the environment that affect thermal comfort include: air tem- 
perature humidity, air velocity,and thermal radiation.. The first two can be readily and 
accuratelj^easuced^ Field' instrumentation for measuring air velocity has greatly im- . 
uvIn J""! ^l^? • "^-^^ ^"""^^ quantity,, thermaUadiation, is still elusive to -the - 
HVAC engineers and has often been overlooked or neglected because of the difficulty in 
measuring it accurately. Thermal" radiation as a factor in attaining comfort has tradition- 
ally been expressed fti terms of the "Me^n Radiant Temperature" of the environment 

. Various instruments have evolved to me^ure mean radiant temperature. Some are passive 
and elementary like the Vernon Black Globe while others- are acUve and complex like the 
Panradiometer, for example'. Th* present VaDer summarizes the operating principles and the 
technique of application of the various typis of instruments developed in the past and com- 

: pares their advantages and disadvaptages a^\to inherent accuracy^, ease of operation ' ^ 
slmpUcity of design,and speed of response. Reviewed are those instruments applicable 
to the needs of environmental scientists and I^VAC engineers for thermal radiation measure- 
ment in the built environment. JSome development needs'and design suggestions are also 
presented. ■„ • , \ 

/ 

Key.Word^: Thermal radiation,' "mean radiant temperature . thermal.comfort, • 

^ directional radiant temperature , radiat'iim measurement, radiofneter' 



_ r 

Introduction 



Thermal comfort is perceived when body temperatures can ^'maintained within certain 
limits .with a minimum amount of physiological regulatory efforf. The mafor environmental 
properties that affect the outward flow of metabolic energy, physiological strain aM*^ 
thermal comfort are: air temperature, Iiumidity, velocity, and tliermal radiaUon. ' 

- Extensive laboratory studies over the years haVe quantltized the effects of these 
parameters on cofWort and energy flow. The experimental studies have led to mathematical 
models, some of the more popular of which are Fanger's Comfort Equation (1) .and Gagge's 
et al Two-Node Physiological Model ( 2).. The models -have permitted, the e:^apolation 
of the experimental results to almost, limitless combinations and have greatly expanded 
the engineers comfort assessment and design potential. In 'the labo^tory the. determination 
or confrpl of the environmental Iparameter? has always been possible by some means dr 
otheir. Such is not always the case when taking a field siiiveyor assessing or improving - 
the comfoij environment of a .building . Air. temperature and humidity c^n be readily and 

the laboratory and field, pfeld instrumentation for measuring - 
alrvelocfty has grehtly improved in recent years. However, the measurement of thermal 
radiation in the builtWvironment is^ still elusive tathe HVAC engineer aJ^a has often been 
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nefllected because accurate measurement is difficult and time gonsuming. In the hope that 
radiation instrumentation for field use may be improved and made more available in the 
future the operating principles of various types of instruments developed in the past will 
be reviewed. , 

• « . 

Radiation Theory » ' =r 

Radiation heat transfer (^^) from a person in an enclosed space is classically modeled 



as: 



Qj. = Ad f ci f eff e a (Td^ - "^mrt ) > 



4_T A ' ' • (1) 



where Aj^'" ^ ' the areaf of the skin surface' as predicted by the DuBois equation ^ 

f , = the ratio of the area of the clothed body surface to that of the nude 

° • body itself 

^eff ' > the fraction of t'he body surface effective foe radlatlomexchange. -/ 

• . e = emissivity of clothing or 'exposed skin surface 

a = Stephan-Boltzmann constant , . 

T^, = absolute clothing or skin .temperature 
ci • . ^ 

Tmrt = mean radiant temperature on absolute temperature scale 

f ' ) 

Mean radiant temperature is. defined (3) as the uniform black body temperature of an 
imaginary, enclosure in which'a person will exchange the same heat by radiation as h& y 
would in the actual complex environment. It ls,thus;a corivenient property to express the 
.radiant quality of an environment, _ * * ' \\ • 

For long wavelength radiation \\ 53wn),skin behaves very much like a black body wliji 
an absorptivity close to unity ( ^4). Black' body radiators of 200 C or. less emit more thanV 
99% of their radiation with wavelengths of Swn or longer. In addition the emittance of mosl^ 
clothing surfaces is about 0,95 (5. Thus, in this region body surfaces may be modeled as 
gray bodies (s = « independent of x). If surfaces in the built- environment are hotter than- 
2d0°C, as with high temperature infrared heaters and sunl^ht, then skin and olothin? 
surfaces are not gray (c=k = ^sk) and special ^ecautions must be followed with. radiation 
m^ sSng equipm'ent to Inablelj^t toj ulf ill -ti definition given above . This will be 
discussed further in a later section. - . ^ ' *' 

' For sbmeJapiilicatlons,the radiation equ9ition is linearized to: ^ ^ ^ 

' Qr ='Ad V(Tcl - W ' " ' ^^.^ 

P 

where h^. is the radiation coefficient. By algebraic equivalence 

• " =fci feff's a.^Tci^-Tn^rtVCTcl-^W • ' ■ ■ ' ^^'^ . 

6 Then if Tjnrt = Tel- , ^ ' . 

=fc;i feff ^ '^^^V^ . • . '.Z^- , 

-Another vJay to characterize andtinantlfy the radiant environment's through the term 
Effective Radiant Field (ERF)^ (6). This is an energy flow term that.relates T^rt or surface 

■ • ' • -■ ■ lis 130/ .: 
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'temperatures^of the enclosure to air temperature . If T^; is-greater than air temperature 
(Tg), ERF will be positive and negative when Tract is^less thaH Tg. . The radiatioh per unit 
area can -then^be expressed in terms of ERF as • =*— • f 

Qf/^D = hr (Tci - Tg) - ERF • ., « ' ' 1 (5) ' 

where ERF. = h^d^^t " Tg)^ • ^ ' •' ' . 

I If the temperatures and geometries of the enclosure" surfaces can be' measured and* 
further if the emlssivities 6f these surfaces can be assumed to be near unitjfthe mean 
radiant tejqjperature can be calculated from ' ^ 

' 4 .__ 4 4.1/4 j 

^ ■ . . - (6) 



Tmrt = (Fp_iTf + Fp.jTjr + + +'Fp_iTi 



where F j is the shape factor, which Represents the fraction of the total energy that " 
leaves tlie. person and strikes surface i. If the surface emlssivities" are not-all .near 
unity or if short ' vavelength (high temperature) radiatlonis present the calcu'fetea.estimate 
of Tnu-t becbmes mor6 involved (5), Thus,for field.aJt^ent a reliable l^istrumelu^haf. 
rapidly integrates the radiant effects of the enclosure In terms of MRT is desirable , / 

Surface integrating radiometers may be classed asTeither passive or active in their 
operation. Active radiometers either supply or remove*energy from the sensor,^ Rate of * 
energy; flow can be interpreted. in terms of mean radiant temperature. The active class can 
be further grouped into ones that are heated to a. temperature greater than air temperature 
and those that are clamped at the air temperature. • 
« • ' ■ • 

, ; - Passive Radiometers ^ ' 

The first and simplest.passive radiometer.developed for comfort asses"sment in the 
built environment was the. Vernon Globe thermometer ( 7 ) . It is a black thin^lled hollow 
sphere with a thermometer bulb at its center. Probably becau.se of its 'simplicity , rugged* 
ness, and minimal cost,it is still the most commonly used field' radiometer. Recently, ' 
NIOSH-f 8) has advocated the same 15 cm cfiameter globe as^a component of its WBGT * ■ 
Heat Stress Index, Thermally.the temperature' of the globe floats between the air and 
mean radiant temperatures of the enclosure (Figure .1), 




■1 



/ enclosure 




/A y / / / 

Figure 1. Energy flow of gl^be thermometer'. ' * 
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An energy balance, on the glbbe yields ' . 

Or- Cb =m c dl^/dt^ . ' - . ' 

v?here m and <3 are mass and specificheat of globe. , ■ 

At steady state, the rjte of change of internal* energy (m c dTg/dt) is zero and 

A-'^c ■ ■ . ■ ■ ^ > ' ; • (8) 

or r- . 

, U'a A (T^rt'- .V),= A h^{Tg -T^1 . _ (9)- 

Solving for the mean radiant temperature * ' . 

— T^t=(V^(v-H\-V)'''' ' - — ■ ^''^^ 

* *' • • 

where'hp is the convective heat transfer coefficient averaged 'over the surface of the 
s^)here. When there is forced flow,hj, can b6 estimated from the following Nusselt 
■ equation: * ' ■ .• . 

he d/r^b.37{U d/v)°-^ ^ (11) 

where Uis velocity, k is the thermal conductivity, and v is the ynem^atic viscosity 
of the fluid. For the case*'of li^ural convection (U 4= 0) ^ 

h<,d/k = 2+a393 (g (Tg-T^Vd^AaV^)!/^ . . " ' "^(IZ) 

The forced convection heat transfer mode dominates in.thejcase of the 15, cm globe in 
air at comfort temperatures if ' , ^ > 

*'U S a.03 (Tg -Ta) . / - , ^ ' 

Therefore, the forced convection equation can be used with confidewe-atr^elocities down 
to alie^t 0.1 m/s even with a'globe air temperature difference of 5^3. Equations 10, 
. 1 l,and 12 show that to reliably calculate with the globe,an accurate' measutement 
of Tg, Tg.^d U is required. , • ' ' .\ " 

" '^Tfhe transientjresponse of the globe can be'examined from equation 7 rearranged to 
A {|nrt - '^g) - A ^'c (Tg - = A ^, X c dT- /dt 

where x is ^hg thicknesp of sphere and p is-its density. Rearranging and 
integrating, equation 14 yields. ' _ ■ , ' 



(14) 



hr.^m^t Ma ->r ^^c) ^g2^ C^-(t?: - t"i)/T •. /■'■ 
hr Tjnrt+ hcTa - (hr + hc) * , 

' , , where j =^ pc x/(hr*+ hc)*is the globe's' time constant. " " 

4%. , ^ 

■ 'Substituting the h^ equation for forced convection, 
" , .pcxWhr-laTkU^W^v^^)) • 
1- which shows that the timp Lnstant decreases as the velocity increases and diameter 
" decreases. Therefore,idr a fast response- the glbbe should be small. However, if the 




(16) 
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spKere is made too'smatTg - T^may be too small to measure accurately, resulting in an 
error in calculated Tj,^^| . * ' 

^ How the sensitivity of the globe to radiation (T - Ta)/(T|hj.^ • T^) Is affected by its 
design can be swn from equation 8 written as * * 



or 



= 1/(1+0^7 k /V{4 a Tg^cP-^°^)) ; 



i 
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It is se^n that T^g - beeomes small in comparison *to the.pot^ntjlal difference when 
the globe diameter is decreased. If the globe^ temperature is to be midway between air 
and mean radiant temperatures, equation 17 predicts for typical roojn temperatures and 
velocities (0.2 m/s or 40 fpm) that the diameter should be 15 cm. ; 

For steady state application s,,the original 1:5 cm Vernon globe is a simple and useful 
instrument. However,it is veiy slow^o use andreguires 10 . to 20 minutes to reach 
equilibrium with a new steady state environment. For that reason it is awkward to uSe . 
when taking comfort surveys in the field (e.tf. when comparing^ comfort .votes in an office 
building to the local environmental parameters as fhe radiometer is movedfrom place to 
place). Exact velocity measurement at low air speeds is difficult. A 0. 1 m/s error in 
velocity measurement with a 15 cm globe *t a 5*0 difference between air and globe 9an 
result in a 1.6^ error in the calculated mean radiant temperature. .'If the glqbe is reduced 
to 2. 5 cm for quicker response the calculated ppfu error would also be' 1.6^ in the same-' 
environment with the same velocity error. However, ^-*Tg would be only 2.4^0 instead 
of 5^ making accurate temperature measurement even more critical. ^ 

For a rapid radiometer to be used in an environmental survey of B^tish operating - ' 
rooms, Lidwell and-Wyon 9) designed a tiny 2 mm diameter unheated globe inside a 
thin (OJ.mm) ptolyethylene^ spherlcalg5 mm diameter) shell. Polyethylene is generally 
{ransparent to long v^avelengthradiafion. " • 



.7 .0 ^^®niometer 

polyethylene shield 




)ir temperature 
globe sensor 



Figure 2. Polyethylene shield globe thermometer of Lidwell and Wyon. 
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The air space between the globe.and th^ polyethylene shell, a^cts as a thermal resistor .(Rq) 
^^nd h*^ at 2S mm is also much lower than at the 2 mm diameter. The steady state eriergy, 
balance Is: ' , ' ^ 



'']f^g l^x(Trart - Tg) = (Tg - 1^)/^^ + l/Aghc) . ' 



(la) 



Figure 3 show^that the polyethylene shielding greatly decreases the velocity ^iependence 
of the instrument as well as increasing its sensitivity, Thettime constant of this device^ 
is about 1.3 min. ' ' * , ^ * \ 
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* Figure 3. Velocity dependence of globe with and without polyethylene shield. 
*# * , • 

. ' ^* * 

To make their radiometer convenient for field surveys,Lidweirand Wyon integrated 
an anemometer arid air temperature sensor into the base of their small radiometer. More 
recently, Mclntyre (10) .has reported shielding -a 50 mm black globe with a 100 mm diameter 
polyethylene sphere . The radiation sensitivity of this larger sensor is hjgher than that 
_j6hLidwell and Wyon's and has even less velocity dependence. Mclntyre estimates that 
''{Tg - Ta)/(Tmrt - Ta) is 0.75 hnd 07 at velocities o|^.0.1 and 0.5 m/s respectively. Poly- 
etKylene shielded radiometers require calibration to measure Tnut b^caus.e of uncertainty 
in calculating the thermal resistance between the ^lobe and the outside surface of the , 
shield. • * . ^ ^ • 

Another passive approach to determine MRT is through multiple unheated spheres with 
unequal emissivitids (lO). For two such spheres of equal diameters the steady state 
energy balance^equations are: 



and 



In the absence of-natural convection, the convection coefficients can be assumed equal. 
Combining- the two equations, with h^. = 4 e aT , yial'ds: 



• '\ . Tg2«2Al-Tgi(Tg2-T^/(Tgr-Ta) 



(1?) 
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With this method Tj^^^ can be determined without a ki^Wledge of air velocity. Thus. the 
instrument's performance potential Would be limited only by the accuracy and sensitivity 
of the temperature measuring system and the^noj^ledge of and Fr(5m*equation 16' 
.the two spheres would have different time constants. . . \ ^ 

^ Active Radiometers * . \ 

\ 

Active radiometers supply c^emove^ energy from the MRT sensor and MRT is related 
to this -flow of auxiliary power (P\ There are two types of active radiometers; one uses 
the' au;ciliary power to k^ep the sQfl^c^^tov6 the ambient and the other ^ype uses, the 
power to hold the sensor at air temjberature. 

Radiometers heated above ambient. » * " * , 

' ' ' • a_ 

Th^ Panradiometer was developed by Richards, Stoll and Hardy (n) to measui;e the 
mean long wave radiation temperature and solar 6r high temperature radiation intensity 
while being independent of the air velocity. The radiometer/eonsists ot three 6.5 mm 
hollow spheres. One^is black, one is white,and the remai/ing is polished metal. 
When the instrument is placed in an environment with a high temperature radiation 
sburce,t1ie black sphere will become warm due to absorption ot short wave radiation. 
The polished spheVe, ,unable to absorb or emit welUwill remain near air temperature. ^ 
The white sphere will reflect the shoi^ wave radiation but emit long wave radiation 
and be cooled to a temperature below ^ambient if the surrounding surfaces and/or 'sky 
is below Tq. If the cooler spheres ar^ electrically heated to the 'tempere^^ture of the 
black sphere the short wave radiation Intensity and me^ap radiafit temperature can be 
calculated from enerjg^^ balances and siirface properties of the spheres.^ The energy - 
balances on the spheres are: . 

black ^ ^ ' ^ 

I<s=Q^^-^bl(V-0 . (20) 

white . \. - 

- Pw+Io'ws = ^'=+'^«wl(Tw''- Vt") . ^ (21) 

♦J. 

polished . * . ' 

•pp + Io,p3=Qc+ac^l(Tp^-Tj^rt'). ' ,• (22)", 

where I = direct, diffuse' and reflecfed solar or hi^h teiipperature radiation 

Q«j^g = absorptivity of black sphere for short wave (X^ 3u) thermal radiation 

^ws ^ absorptivity of white sphere for short wave radiation , 

^ps ^ absorptivity of polishe^d sphere for short wave- radiation 

= power supplied to white sphere , ^ ' ' f'^ 

Pp .= power supply to polished sphere . .^^^ * 

= emlsslvlty of white sphere for long waver radiation * 

•e J = emlsslvlty of polished sphere for long wgve radiatioa • ' 

Since the spheres are at the same temperature (Tp'= Ty^ = Tt)),the corivection heat losses 
to the air are the sam^.for each. Simultaneous solution of equations 20, 21 and 22 
result In ^ - * ' 
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I = 



bl 



- e 



wl 



)/(c 



(23) 



and 



'mrt 



■bl " ^wl 



.(24) 



The# from this calculation does not include short wave radiation. If no sftort wave 
radiauSn is present (I 0),then only two'spheres are needed and for better accv^cy the 
black and polished should be used. Then < 



^nurt 



= Tv 



+ Pp/{a(ebi 



- ^pl» 



(25) 



Calibration studifes showed that indoors the mea« radiant: temperature co\ild be 

measured^ with an accuracy of-± 0 . 3^0 and outdoors -t<Kwithla±- 1 -8^ • 1^^ I® sponse_ ^ ^ 

is rapid with a time constant, o^approximately 1 minute . ' ' ' ^ 

Sutton and MoNair(12) further modified the principles of the Panradiometer for 
better accuracy and lefes' sensitivity to drafts, their Twc^Sphere Radibmeter consists ^ 
of two 5^ mm diameter heated spheres (Figure 4). One is black and the other polished^ 
gold. Both of the spheres are heated to the same temperature, usually 10 to 20 C above . 
air tempieratu?e. Inthe Panradiometer one of the three spheres is unheated. ^ Sub-^. 
stantially.J>©ettHg^oth spheres together with larger diametejs^ improved accuracy and 
decreased the sensor fluctuation due to drafts. 



P, 



'^b : 




Figure 4 .^^.wo'spheire radiometer. 

f 0 

The>energy balance equations are: 

4 4< 



and 



Pp = Qc +^0 Cp (Tp 



4 



■-mrt 



Therefore ^ - 4 

^mrt ^^^b MPp - Pb)/(a(cb- 



(26) 
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To use the^nstrument,one sets the globe temperature to* the desired lev^l an.d then 
repprds the differential power consumption when the instrument reaches equilibrium^. 
Globe temperature uniformity was achieved by boiling a llcjuid which condense^ Inside • 
on the shell'walls. The temperature control of the -sphere was automatic, reginated by 
vapor pressure. With-this instrument,it is believed MRT measurements^pati be made with 
an accuracy of ± 1 C, A^ommercial version has recently been introduced in Germany *(13)! 

• In the mid 60's,Gagge et al developed the R-Meter for measuring operative tem- 
perature^ Operative .temperature (Tg) is defined .as the' temperature of an imaginary 
enclosure with which man will exchap^e the same total* dry heart by radiatibn and con- 
vection as in the actual environment. * * . * ' 

*. • ' * ^ • ^ 

\ (he + hr)(Tski; - To) = ho(Tskin - TgS + h.ci^^^iri " W . 



or 



\ _ Ta + hr/ho(Tn„^) ^ ' ' • (37) 

> 

The R-Meter can also be used to measure MRT and ERF, It consists of a single heated 
pink skin colored 51 mm diameter globe. An energy balance at steady state shows: 

P = Qr + Qc ° . « . 

P = Ah^(Tg:T^^)^Ah^(Tg-T^) ' 

^mrt-^g^^/!^r (^g- ' . , ' ' . '.m 

Therefore^Tjjjj^ requires measurement of Tg, Tg^and power (P) together with estimates of 
he and hf. In addition, h^ is a functiari of .velocity.. Therefore, overall accuracy is 
dependent on the individual ac.curacies of many parameters^ For^normal service^the tem- 
perature of the globe is set at 40*^. In the absence of a radiant field,the globe can be 
used as an anemometer. The interesting feature of thp instrument is that the globe is ^ 
constructed from 41m of y^o# 36 enameled copper wire WQurxi on two hemispheres. The 
wire dnpe coated with thin epo^cy serves as shell^all, unifopn heat source,and 
, temperature sensor. \ * ^ s~ C 

.Radiometers clamped at air temperature. ' % / ^ 

Two radiometrics have evolved that eliminate convection problems altogether by 
controlling the globe tem'perature equal to air temperature. When this is done only one 
globe is required. ' — ' ^ . ' . 

Aagard (15)de signed a globe to measui^'the mean radiant temperature of the cold 
night sky. Because the' radiant tempetature is always colder than the air temperature, 
the 25 mm diameter black globe made from a single layer of #36 enameled constantan 
wire.needs only heat tojnaintain tts temperature at the air temperature, the cqntrol 
signal to regulate the power to the heater wire of 'the sphere's shell ccJtes from a 12 
couple thermopile between the shell ^11 and, the surrounding air. Accuracy is not 
clearly reported jJut is said to deteriorate as air temperature fluctuation rales increase. 

For application to the built environment where ^MRT may be either warmer or cooler 
than air temperature/Braan and McNaIl(l6)modified the radiometer principle of Aagard 
so thai it could be both' heated and cooled. Their ^henKoelectric Radlometefr consists 
of a 51 mm hollow silver sphere supported by an insulated silver rod (Figure 5). The 
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silver rod with thermocouples at each end serVes as a heat flow path and meter between 
the sphere and a thermoelectric heating and cooling device . The output of a 4 couple 
thennopile with Junctions on the sphere and raSiation shielded in'rthe air provides the 
error signal to coi^L.the thermoelectric unit. 




device 



' Figure 5. Thermoelectric radiometer. 

The sphere is skin colored so that u reflects and absoVbs high (x S 3 u) and low tem- 
perature radiation like skin^nd clothing (Figure 6). 



80 




wave length X microns u 



Figure 6. Reflective properties of skin and flesh-colored pink paint # 
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With paint, the emissivity of the sphere at skin and air temperatiires is 0.87. The emis^ 
sivity of skin and clothing St this temperatxire is about, 0.95. With this paint^the 
measured MRT should more closely fit the demands of the definition and not be restricted 
to environmental surfaces which eire less than 200° C. By comparison to other 'instruments 
and from MKT calculations based on wall temperatures the designers determined that MKT 
can be determined to within i0.7° C. It takes 10 minutes to reach steady state after . 
being turned on andsit can automatically follow slow temperature changes in both air 
and MRT. 

An interesting feature of this instrument Is^that it is a direct Indicator of the 
Effective Radiant Field of the environment. If the controller must supply heat to the 
sphere jthere is a negative ERF or the MRT is Ibwer than- ambient air. If heat is removed, 
there is a'positive ERF or,MRT is higher than ambient. ' 

Directional Radiometers * ' \ 

While the mean radiant temperature obtained from a'^spactal integrating radiometer 
is an important comfort parameter for the successful design, control,or alteration of an 
environment, there is often a need for directional radiometers. They can be a valuable 
investigative tool for comfort and energy conservation applications . If ah enclosure 
has an undesirable MRT, the directional or sqanning radiometer permits the mapping 
of radiant surfaces. This cah lead to identification and improvement through increased 
insulation, radiation shielding, etc. . ^ - 

^« 

Tlgr first directional radiopieter measurements in the btillt environment were under- 
taken Dy Korsgaard (17). He proposed a directional radiant temperature (DRT) which is 
analogous to mean radiant temperature but refers to the temperature of a black hemi- 
spherical surface enclosing a plane element th^t would exchange radiant energy with 
the element at the sSme rate as the actuaLenclosure does. To measure this property he 
developed a sensitive net radiometer (iS). It consisted of ^ small black and polished 
surfaces facing the unknown enclosxire. The emf developed by a thermopile attached 
between these absorbing and reflecting fe^gments is proportional to the average tempera- 
ture of radiometeV surfaces and the dir^cticmal radiant temperature* . However, the 
device is not a basic instrument and requires calibration. The NBS has recently devel- 
oped an elegant scanning direction radipmeter(19)based on this principle. The portable 
NBS machine is (designed to produce 1 mv/ °C temperature difference between scanner 
and the DRT. It has a time constant of 5 s. Seine commelrcial net radiometers are 
also applicable (2C). ; 

Hager ( 23) developed an A*bsolute Differential Radiometer that can be used without 
calibration (Figure 7). It consists of 2 black surfaces separated by a thin air space. 
One surface looks forward, the other backward. To minimize' velocity effects the air in 
front of each black surface is insulated from the moving ambient by a thin polyethylene 
ajieet* The. unit can deject radiation Intensity differences between front and back of the 
deteqtor as small a^O.06 watt/m^ and reaches equilibrium within 1 min. 

^ Comfort researchers, have, shown that people are rather tolerant of asymmetric 
radiant fields. Mclntyre (22) concluded that for resting clothed (0.6-0.7 clo) people, 
asymmetry does not contribute to discomfort until the difference in DRT in opposite . 
directions is about 20° C or greater. 
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Figxire J . Absolute differential radiometer,. 



^ Development Needs ' . , ' . 

As seen above the practicing engineer has a large nuinber of radiometric instruments 
from which to choose. Unfortunately, most are laboratory prototypes unavailable except 
through self fabrlcatipn. What an engineer needs is a fast-acting, rugged, reasonably 
priced MKT indicator for field survey work; In past studies (23) we have compared com- 
fort votes to fenvjjconmen^lparameters in o^ce and laboratory settings. This cequired 
polling the occupants In Sieff^work areas at various times during the day, while slm\il- 
\aneously nseasuring environmental parameters^ Instnmients were moved from place, to 
place, with ^ measurements being made yrhile the sub]^ answered the questionnaire. 
For MKT detennlnatioivtiie IS cm globe and R-Meter wer^ used.. Both proved to be ^ ^ 
somewhat unsatisfactory for reasons outlined alcove , ^ * 

Of the instruments reviewed, the* polyethylene shielded radioineter with integral 
anemometer and air temperature sensor by Lldwell effid' Wyon proved tb be a desirable 
field package « Its dependence on 'air velocity for MRT determination and its need for 
calil»atiq?a in a radiant vAnd tunnel is a disadvantage I however, An*instrument with ^ 
a MKT reading Independent of the air 'velocity measurement is desired. With this in 
mind tise two sphere radiometer concept appears well suited'for field use in th^ built 
environment. It is a fundamental instrument^llowing MRl to be calculated without 
directly ^asuring air temperature or velocity. Flesh-colored pinlp instead of 
l^lack might be considered for the surface treatmetit of black, spteres to approximate > 
the tbem^ properties of exposed* skin and clothing of, the average persyf. Other 
design approaches should also be further e;oDlored« The thermoelectric ^dio;neter 
concept of .Braun and McNall is ap^aling* For better modeling the shape and surface 
orientation of tiie human, an.elllpsoldal radlatLon sisnSor^as in the Comfy-test meter 
(24)^ has merit over: a sphere^ particularly 'if the radiai^t field is asymmetric, * 
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EXPERIMENTAL ANALYSIS^'OF THERMAL ACCEPTS^BILITY 
^ ^ ^ R. R* Gonzalez 



Jt>hn B.vPierce Foundation and Yale University School of'Medicine 
New Haven7, Connecticut 



ABSTRACT 

T-his paper reviews recent laboratory studies and research needs in'human physiology, 
that will b6 important in specifying thermal acceptability; it compares these results with 
guidelines proposed by the Federal Energy Administration for sji^mmer and winter months. 
Ivlale and female subjects, in both younger and older age groups, were exposed while 
sedentary or slightly active, to fluctuating dry bulb temperature (at 50% RH) and to con- 
stant dry bulb temperatures (at 40, 60, 80% RH> in summer experiments. In winter experi- 
ments, subjects were exposed to 2(PC and colder environments and were allowed the use 
of extra outer clothing to a.void cold discomfort. Clothing insulation was directly 
evaluated. In b9th studies judgments of whole body thermal discomfort and thermal 
sensation were made; in addition, in winter studies direct votes of acceptability, as < 
well as regional thermal sensation (face, yunk and extremities) weir6 taken. A methocj^ 
of estimating preferred comfort and neutral thermal sensation te.niperatures Is described 
for fluctuating air temperature conditions. ' ' * 

The resultSnOf summer studies indicate that §0% RH (16 Torr) $t 26.7^C is the maximum 
limit for thermal acceptability which corresponds to a 28 ET* or ^ ^^C HP* above tihe 
opUmal ASHRAE neutral/comfort zone. The results of the vyinter experiments showed that 
tp6 TEA winter temperature guideline lower limit (20 °C) proved QQ°/c acceptable. SpecjLfic . 
\ .groups of individuals have beep identified ior whom winter and summer guidelines will 
■ not be who^lly acceptable . * ^ * " . . 

Key words: Thermal accep.tability , energy conservation, cold discomfort, humidity, 
temperature, clothing ^ • - . . 

* ' ^ 'lOTRODUCTION ^ ^ 

Energy conservation ^practices in many buildings have, resulted fn lower ambient tem- 
perature levels in the winter and either higher airtemperatures or little humidity control 
in the* summer. Such a direction offers a paradoxical reversal from the trend occurring 
since the 1920*s in which human thermal, preferences and engineering practices have 
been towards higher indoor dry-bulb temperatures (T^). Generally in the U.si, optimal 
comfort zones (for sedentary persons / dressed at^O.6 clo and ambient air velocity around 
0.10r0.20 m/s) in winter time have increased from 20PC to 25.6°C;> swmmer T- fevels have 
remained roughly around 25.0 to 25.6°C ( 1). Most of the research clone und^^e auspices 
. of ASHRAE (2) in comfort has been towards securing environmental specifications fonat- 
mqspheric conditions which achieve or describe maximal thermal acceptability J^r persons' 
assumed to be in thermal balance at least one hour or more. This researcliiak^ed|ta^ 
description of aft environmental zone in which the body, is in the state* of physiological 
thermal neutrality. In this^^^ion the resting person is able to maintain thermal steady- 
. st-te (viz, heat balance) sivf^h that internal body and skin temperatures are constant with- 
^ out e:^cessive*physiological regulatory activity such as sweating, vasoconstriction or 
vasodilation of skin blood vessels. The body^is.alsd effectively "neutral" to agiy feelings 



6i wamtb or cold and^enerally the occupant is satisfied with the environmental 
Conditions. Studies by Fanger (3/^), Rohles and Nevins .( 5) andSi4<5Nall ( 6 ) equate a 
thermal neutrc|l point with preferred comfort state or' temperature and show that for indi- 
viduals at OVe.clo, air velocity, near still conditions (v at 0^0-015 m/s), 50% rh,and 
' sedentary activity, the thermal neutral (comfort) temperature is invariable regardless of 
. 9ge span, sex or season. Fanger 0)-eH!so demonstrated that other preferred comfort tem- 
peratures during thermal balance may be ascertained for any metabolic heat production 

3 met), from the variables most importafit in influencing heat balance: clotBirig insula- 
tion (IqP^ dry bulb and mean;radiant temperature (MRT) and ambient vapor pressure as 
well as heat and mass transfer cpefficients . The requirement is that during thermal 
neutrality there occurs: a) ^ linear relationship between skin temperature (Tgi^) and meta- 
bolic rate (M) i.e. activity state;, and (b) a linear function between evaporatipn of sweat 
and metabolic heat production. F-angeri3) can therefore predict thermal sensation (PMV) * 
for an individual from thermal load' on the body; a thdrmal load is presumed to occur 
whenever therajls a difference between heat production and the heat loss to the actual 
environment for a person kept in heat balance (i.e. comfort) at the mean skin temperature 
and sweat secretion of the specified activity level. Thus aphange in heat loss is the 
prominent effect which occurs if a person (having a given metabolic rate, clothing 
. insulation value) is displaced from a comfortable environment to the actual environment. 

* -Si*., ' " ' * ' « 

l^The alternative approach to assessment of a person*s heat exchange with the environ- 
* ment relates thermal subjective responses (discomfort) to actual*physlological changes, 
this approach utilizes a two node model of human thermoregulatpry processes 
(7). The added feature is that proportional control coefficients for effector responses such 
as sweat secretion or skin blood flow, as well as sensible and insensible heat exchange 
jcoefficient^ are accurate "^or wider thermal stress and exercise levels. loci of 6bnstant 
physiological strain in the heat are dependent on skin wettedness which reflect the 
probable sweat secretion on the skfn surface; in the cold, skin temperature level (Tgj^) 
reflects the vasoconstrlctor'^activity. Both of these factors are important in Judgment of . 
warm ami cold discomfort. Jn the physiological neutral zone, comfort ^i^§p'onses and 
"neutral" votes are equivalent. The American Society of Heating, Refrigerating and Air- 
Conditioning- Engineers (ASHRAE) New^Effective Temperatur§i,(ET*) was derived by using 
the^Gagge etal two no&e model (2. 7)* * 

Physlplogists and sensory psychologists havi recognized for a^ long while that therrilal 
^eutrdU^^ is not a totally sufficient criterion for thermal comfort; the affective responsesf * 
are influenced by other physical factors besides those that change heat balance, and 'many 
other factors such as fatigue, endocrine (humoral) influences play a significant role. The 
relative^^state of hyper- or hypothermia of the body, as shown by Cabanac (8), has a 
marked irifluence on feelings of displeasure;' also, while in thermal balance, whether 
thermal radiative heating of segmental areas such as the face is cor^idered pleasant or 
unpleasant depends strongly on prestimulus skin temper2^ture (-.§) . There again the size 
of a particular skin area stimulated has as great im^jprtance as how much heat is applied. 
Hardy- (10).has characterized, for ASHRAE,' the marfor physiological factors which are 'im- 
portant in Judgment of thermal acceptability tetany thermal stress. His aiccot^jt^garne^^ 
from extensive studies makes a clear distinction between affective responses' (i.e. those, 
mediated by comfort or displeasure) and thermal sensations (thermal warmth and cold ' 1 
X sense). Warm. discomfort occurs whenever physiologi6al mechanisms such as sweating and 
increase in skin blood flow are activated to bring heat Icss'into balance with metabolic 
heat production. Its antithesis, cold discomfort, arises predominantly from vasoconstriction 
' and a subsequent decrease in sldn temperature necessary for, heat conservation/ 



lit contrast to affective responses involving some degree of central nervous system 
(CNS) Integration before effector action are those thermal sensations arising from skin 
heating .Qf cooling (H), Although an adequate description of sensory responses to cold 
environments can be made by either cold..discomfort'or cold sensatioa, a quantificatiqft • 
of warm discomfort or warmth sensation is possible only by assessing multiple physiolog- / 
ical responses (12,13), Warm' sensation essentially follows from warm skin heating; ^but, 
warm discomfort is composed of an interaction between physiological aifd / . 

physical factors all tied in with at least these variables: sweating, fraction of skii^^ 
areas wet with sweat, peripheral hlood, flow, and central and p»ipheral temperatures,. * 
Subjective responses ahd thermal acceptability will be influei«|d by physical-feitors 
(Ta, Pq, etc.) and individual faqtors^ (sex and clothing effects), However, the final 
reactions aire based on efferent control of physiological functions. 

Although we know a great deal about the thermal sensations equated with comfort re-* 
sponse in thermal neutrality from the work of others (4, 12, 5), -very little is still known 
of the w^y internal and peripheral thermal signals affect thermaLacceptability in persons. 
How the different sexes or age groups respond to warm stress and humidity and to moderate 
cold, stress or whether local,,sensations of feet, hands and face aversely affect the accept 
ability Jn cold environments is also not fully understood. Such Information is sorely need-T 
ed sinci^ it is apparent ilk) that the cross section of average office workers in large cities 
are not uniformly jlothed and don*t dress >^^or^ing to indoor weather conditions. ^ 

The following summer and winter la boratory studies were done as a part of a large 
multi-pronged field survey designed to investigate re^cent energy conservation guidelines 
on comfort, acceptabillty,and health by Gagge and Nevins (15). * 

• METHODS AND PROCEDURES ^ 

Environmental Chamber and Dry Bulb Tempera ture-Cvcltc'ofianqes 

AH our sum mer a r\d wint e r oxporim ents were done in a 5"; 3 x 5.3 x 2.4 m^ test chamber 
with i^i^ragid' system response in air temperature (db 2% rb at 25^*0 T^). The design and 
control characteristics of the chamber have been described in detalVby Kjerulf-Jei^en et 
al (16). In the first part of the experiments relative humidity was kegt constant^aX.50% * . 
(by controlling dew-point temperature) and diy-bulb temperature (Tg = Tj.) altered + or 
- 5 C from a starting temperature of 25°C with the room controls set at an average rate of' 
+-or -0.3 °G/inln over a period. 



> 



Summer Studies 



A total of 18 subjects were used in the experiments. --Xhe individuals were divided 
into 3 groups; each group was tun on separate^ daj^s . Th^ groups consisted of 5 young 
fenjales (age 22 dk 3 yrs), 6 older females (44 dk 11 yrs), and 7 males (25 dk 4 yrs). 
Elderlymales were not available at^he time of the experiments. 

'Each suliject served in two sess"^ions which tooK placemen successive days between 9 
and 12 A.M. in the month of July. In a preliminary sesslm^^^^whlch'^lasted 2 hr from time 
zero, each group was exposed simultaneously to the air temperature swing shown In 

Each ofrthe subjects rested on a plastic/aluminum office chair for 15 mln and walked^ 
^ about the clkamber at a rate of 50 sfeps/mln for 5 min. ^Average metabolic rate during th^^ 
walking peijiod was estimated to be about 88 W/m^ (1.5 met) by spot measurements on 
the subject*. For the total 15 min rest plus 5 mln.wajking period, the activity level for 
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Figure 1. Typical changes in ambljent temperature (T^) 
at 50X rh and averaged discomfort and thermal sensation 
votes for the three groups of subjects, used in summer 
study. Horizontal bars on time scale indicate cadence 
walkinginterval. 



both'male hnd female subjects was about 1.2 met, typical of light office work activity 
(3), ^he average relative air velocity for re3ting and walking was abcJut 0.25 m/s»or a, 
mean heat transfer coefficient (L) = W/(sq m ^C),. , 

, ^v.<^ / ; °' ^ , " \ ^ , • 

In a second session^'each^subject was exposed to 27 *'Gjdry-i^ulb temperature anti the 
humidity ievel v^^s chantaed ^acMiour from\40%.to e^A tpMo% rh over a 3-hr experiment.. 
The activity was.slmil^r^o the ^$t'e:jp^timents; ^tfoweyet, Sfe^^. time sequence was 5 mirt 
walk, 25min rest. AtJ^he end of th^ ^Othmin a Vote^was takJfi; ^nly the terminal 1-hr 
votes for each group were averaged, ^ 



In two of the subjects, 



tprxe male? avpr^ge skin/temperatures were 



n^asured continuously by thermocouples at^ foc$tions (headt shoulders, chest, back, 
thigh, calf, arm, and hand). Core temperat^l was jnnea^ured^from a thermocouple injbe 
.rectum. Clo values were estimated from a, check list which each Subject answered before 
entering the test chamber (14), The subject^ were requested to wear typical apparel for 
.office work in summer mopths (i.e. , hb shorts. permitted), ' . , ' 

Winter Studies , - * ' ' . . . 



The subjects were first exposed to a preliniinary session in which T^ was changed 
ically as in the^mmer studies. In a separate run afterwards, a change C- l°C/min) 



cyclically 



towards fhe desired exposure temperature occurred alter the ^u^ectsTiad initially 
, stabilized 25''C for 1 hr. Each subJectVas exposed 3 tiines to 20^C and 3 times 
" 15°af<5r 1 hr on different days. Zero time of exposure at 20*C or IS'^p began after Tg 



134 



146 



reache'd a steMy-leveK Relative humidity was controlled at 30'^40%, All experiments 
oc.Qurred In mlcKFeBruary/ typically the coldest part of/the Vear^ in New Haven, 

Twenty subjects were used in the winter experiment. Each subject attended as a 
.member of his respective age group and sex: males age, 21 dkl and 52 ±^piy^s and 
females 21 db 2 and 49 db2 yrs. Bach group consi3ted' of 5 jnembers who were^^exposed to 
th0 swing experiments and constant T level experiments on alternate days - morning 
and afternoon sessions interchanged. ^ach day aftep^ards, a different- group Was subjected 
to the constant T^ ^sessions of 20*C and 15^0. ! 

The Instructions given to the subjects, when ttiey were initially hired, ^e're to wear 
^eir typicaTwinter indoor clothing but to bring additional outer wear such as sweaters, . 
or light jackets but not overcoats. Most feiyiales attended with pant-^its and males^ 
with^lacks and pullover sweaters. 

The initial time (aH^V^p) after arriving from the cold outdoors was^ spent in answering 
a preliminary, clothing check list (14) as before in the summer study, in receiving specific 
instructions regarding voting scales and, in ge^neral, time was given in explaining the 
activity while in the chamber. Lavatory privileges wece also given at this time. The 
activity (r;2 met)(a3 in the summer study) was a 5 min walkTfbr thafljst 30 min of an 
experiment at 50 steps/min, kept constant with a metronome, and a 25 min sltt^g period 
on k plastic/aluminum chair (2)/ The sitting period was occupied in reading, wrltlhg or_,_^ 
talking at leisure. No communication about the environmental conditio^, nor any smoking 
or eatlftg was permitted. Subjects voted, and each ballot was collected, every 1/2 hr. At 
the end of one hqur at 20^C conditions, an effective clothing Insulation measurenlent was 
tak.en (17). During constant air temperature level experiihents, adding or removal of extra 
clothing was permitted at any time ^fter the start of an experiment. Unlike the occurrence 
In the summer study, this behavioral activity was of major concern to us but subjects were 
given no encouragement to alter their ensemble. The only req uirement was that a subject 
noted the article added or removed and the exact time he/she did it. 

Comfort and ThermaLSensation Scales 

Some mention should be given to the scales we used in^^the specific summer and 
winter studies. In the past we have used magnitude estimation techniques (9 , 12}."^ 
However, in order to directly compare our results with other studies done for^SHRAE (2/ 
5 / id/ we used the ordinal scales previously discussed by^Gaggeet al(12). Additional- 
ly, in the winter study we used a direct vote of acceptability ;(+ or -) and a symmetrical 
scale for local thermal sensation vptes. Subjects had no difficulty in understanding either 
type of scale* A category Interval from neutral thermal sensation can be either' positive or 
negative, for warm sensation and cold sensation respectively. For discomfort scalQ each « 
category Interval describes an ingjrease'from "comfort point." 

ANALYSIS OF SPECIFIC SUMMER AND WINTER LABORATORY STUDIES 

Thermal transients can havS a decided effect on person's thermal acceptability by 
influences on physiological and sensory responses. The common way thermal transients 
occur Is by a change in location; that is, movement from one poom to another one, cooler 
or warmir (2)« Another occurrence Is while a person stays In the same place but air 
temperature ot humidity vary either as ratoip increases or decreases over time, or 
via cyclical changes {19^ 20). 




Early research vvas done using thermal transients *by changes in room site. Houghten 
an^Yaglou (-21) were able to use this technique In arriving at an empirical Index (effective" 
temperature, ET) for human thermal response. They showed that thermal sensation eTg. 
Judgment of warmth or coplness of an environment^ wa 3 closely associated with dry bulb 
temperature and humidity^ (P^) . Lines of equdl thermal sensation formed the basis of*tiieir 
old EX^cale^'which was described'using 100% rh environment. H6wever, this scale 
was deficient in that it placed too much emphasis on humidity effects in cold environments 
and did not' show clearly effefirfg of humidity in .warm environments. By. transferring spb- 
Jects to dMerent room sltes 7^gfetf4» and S tolwljk (22) and Gagge et a2) were able to 
derive useful data from which they separated sensory aftd thermoregulatory processes and 
derived proporUorlal control coefficle^its necessary for their model. In moving their sub- 
jects frojn a /pom.at 29° C to a room set at 17.5° C, they found that cold sensaUon and 
discomfort were almost immediate; our.estlmate (from their thermal sensation and dis- 
comfort votes) is that towards the cold, owing to vasoconstricUon, a change in one cate- 
gory of thermal sensation and c6ld discomfort occurred as a result of a drop of 7 C. 
When subjects were moved from 17.5^0 to-29^C, thermal sensation and thermal comfort 
votes were not concurr^t - thermal sensation votes lagged -behind (A 11 .5 C/category in 
sensation.vote) the comfortable feeUng (A 7.7° C/category dl^mfort vote) . Thus^the lag 
was related\to rate of change of skin temperature, but the hedonlc estimate was immediate. 

Figure shows the typical cycflfcal changes in we used to derive comfort and 
/thermal sensktlon thresholds In Summer and winter studies. Figure 2 depicts for one 

j subject how such thresholds were estimated by intersectidn-of regression lines from 
these cyclicat Ta changes. Table 1 compares comfort and thermal sensation votes ^ 

'for both summer and winter studies determined by this method. 
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figure 2.' Discomfort estimates and thermal sensation ^ 
.judgments plotted^as functions of ambient temperature ' 
for one female subject. Only votes between 5-120 mln \ 
are plotted. Jnter section of cold and warm discomfort 
lines indicate optima! comfort point (24. 6*^0). Inter- 
secU6n»of. thermal sensaUon line occurring with 0 oriv 
.ordlnat^ Is Tg^.^eutral point (25^0). Votes at ^nd of > 
walk are Indicated by outer circled points . 
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Table 1. tDptlmum Tg Tj.) conditiona for comfort, nelitral thermal sensation and calculated 
, ' clo values (Nevins et aU) derived by temperature swing method in summer and/^ * 
..winter laboratolV'studies. ^ [• 

'? 


Group 


Tgfor 
comfort 


Warm disc" 
sensitivity 


Cold disc Tg for neutral ^'^sens^^'^a 
sensitivity thermal sensation 


^clo-n ' 


•>% 






' SUMMER * 




Males 


24.7 
db 0:33 


0.2^4 ^ 
±0.840 


-0. 182\ . 24.8 0.232 
±0.138 ± 0.5 ±0.030 


0.3 


c 

Young females 
Older females 


24.8 
± ■0;.20 

25.0 ^ 
±^0.30 


0.327 
± .091 

0.338 

±o.oi'a^ . 


-0.157 "26.1 0.360 
^O.lf9 ' ± 0.3 ± .022 ' 

' -0.195' 25.8 • ^ 0.318 
±0.313 ±0.5 ±0.044 

a 


Q.3 

/ 

0.5 . . 








, WINTER 

. 




Young males 


^ 22 .8 • 

± 0..56 


0.26 
±0.11 


-0.29 * 22.72,/' 0.34 
±0.07 ^ ± 0.70 ±0.06 


0.78 
± 0.10 


Older males 


21.9 
db 1.05 


±0.12 


-0.27 ^ 22.22 0.37 
,±0.04 ' ±0.59 ±0;03 


0^5 
± 0.04 


Young females 


23.55 
±0.78 


0.26 
±0.18 


-0.37 . 24.08 0.50 
±0.07 ± 1,48 ±0.08 


0.83 
± 0U4 


Older female? 


22.54 
± 0.54 


0.28 
±0.15 


-6.38 ' '22.3^6 0.43- 
±0.15 . ± 0.^8 ±0.05- 


0.76 
± 0.16 


Values are means {± S*D,);- 

• 


^clo ^^^Muated from Nevins et al (1^). 
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Intffe summer 'study, (shown in Fig. 1), discrete subjective wsponses occurred between 
" groups as a response to the cyclical changes In T^. In the older females warmth sensa- 
tion increased between the' 50th to 80th mln time period. For the most part these indi- 
viduals were in [he comfortable /ange despite thermal sa^sation desdribed as warm. 
At the peak of thA second Tg cycle (85th mln), feelings of v^rmth had decreased>but a 
lag'^occurred in thV discomfort vote. Two factors may have^en associated with this . ,j- 
effect: one associated with a subjective.dfssatisfactibrl (sticky feeling) as a result of 
permeability of clothing to y^atei vapor which becomes reduced the higher the clothing 
Insulation . This- p^eation efficiency factor (f pc^modif ies evaporative ^bsartr exchange - * 
■from under .the clothing (17). Another factor related to Fpd may have been the direct 
effect of'this delayed( evaporation cooling the skin^but not reducing thermal discomfort 
perceivedby the. skin. wettedness (7, 23,' 13). 

-'^ Our dry bulb temperature cyclical method proved a reliable means for assessing short 
* term preferred comfort \thetma\ sensation) temperatures for both winter and summer studies 1 
as shown in Table 1. I't^was found that the mean prefertred ambient temperature for com- 
fort (14 7 to ZS'^C) does indeed agree well witTthe long period studies of-Rohles an4 ^ ^ 

*Nevtns ( 5) and Fanger (2'»)ln sedentary subjects. In the summer study, the actlyity 
level of 1.2 m*t, as in office work, did not alter appreciably the preferred temperature 
for comfort which was within the optimal ambient temperature described by the Fanger 
conrfort equation (3). On the other hand', there were specific differences betv«9en men 
and women and between age groups within tshe females in thermal sensatibn regres^on 
lines and in optimal ambient temperature Judged as neutral. Rohles and Neving (25) have 
reported that mal^felt warmer than females durtn;? their first hour of exposure to various , 
air temperatures. Rohles et al (18) suggest, from their observations of thermal sensation 
differences among males and females, that the "same clothing is responsible for different ^ 
thermal sensations in men and women . " Unfortunately , only combined equations go into 
formulation of their "Comfort Zone Envelope." In a study by Wyon 17-year-old-males 
generally "felt hotter and reacted more rapidly to changes in air temperature .(10). - 

Stolwijk (personal communication) has found that males exposed to thermal transients 
from 30 to 50*b had higher warm discomfort compared to females per change in cehtral ; , 
' drive for evaporative he^t loss. All these studies served to^how.that the thermoregulatory 
responses closely- tied in with (and which modify) thermal acceptability^^e not uniform _ 
between sexes - a finding originally ncDticad by Hardy and DuBois (26). These dlf^erencps 
become apparent only under fluctuating temperature conditions. • -\' 

* ' * * 

. - In contrast to other studies C2i»)with sedentary subjeq^E?, itv which^ere was-a con- . • 
stant preferred temperature regardless of age , we foun«iat olde,r females preferred - 

' warmer ambient temperatures during slight activity iftihe-sdrnmer experiments. Since 
clothing habits in summer months differ widely am6ng females and males, we have , 
reduced analytically differences in apparel and neutral temperature sensation votes 
to make them comparable to the ASHRAE ET* recommende^ comfort zone bounded by 22.2 

' and 25.6 ET* as seen in' Fig. 3. This approach was used in earlier work (13) 1$ which 
subjects do not wear similar clothing. We have used Standard Operative Temperature 

■ (STO) because STO more clearly defines the present conditions since skirl wettedness 
was not.actually measured in all our subjects. In brief, STO is defined^ as the uniform 
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Figure 3. Estimating equations for average thermal 
sensation estimates as functions of standard effective 
temperature (SET*) or5?STO at 50% rh and' the optlnfal 
SET* point (± 1 SD) forjieuVal tfiermal -sensation for 
males (open circle), young ifemale group (open squares) 
and older female group (open triangle) • The regression 
equations arei 

/> • ' ' 

Males: ^"^s^ 

Young females: 

Older^fe males: ^ 



TSENS =5 0,23 (SET!*) - 5.15 
TSENS = 0^:i6(SEX*) - 8.57 
TSENS = 0,31>{^iT*t- 8.01 



temperature (T^) at 50% humidity of a^ standard sea level envlraninen/(air movement 20 to 
35 fpm) in which a subject wearing standard clothing (0.5 clo) loses the same heat by 
evaporation, radlat;ion,and convection as in the actual complex environment. The "stan- 
dard" environment at sea level (760 mmHg) is the saine as the one in which ASiiRAE ET* 
(2) Is/determihed: i,e, , in which a subject wears 0,5>clo and the air movement renders 
a convectlve heat transfer coefficient (h^) ol 2.9 W/(sq m ^'C) and a combined heat 
transfer coefficient (he)'* of 8.0 W/(sq m^*te) . ■ • 

Fpr our summer experiments, STO was determined by the following relationship: 



where: 



STO = ChFciAsF;is]Ta D hF^lAsFc^lTg,, ' 



operative temperature Tq, h = h^ + hj. and 'equalled 
- 8.3 W/(sq m ^C) In our experiments; and f^^ is the ' 
.Burton clothing efficiency factor determined by the relation: 



P.l=l/(l+0,155h.I^J 



(1) 



(2) 
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Is the clothing insulation in clo ifnits 
.(1 clo = 0, 155*^0 . sq m/W) and 



is the standard clothing •efficiency factor for a subject 
v;earing 0.6 clo and equals 0.58, usirig-hg = 8. OW/sqm ^C) 
from Eq (2). . • • f ' ^ ' <^ 
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Since the relative humidity in these experiments was 50%, then by definition (10)-/ 
SJOetOuals the Statxdard Effective Temperafiu^ (SET*). ' ■ ^ - ' ~ p 

• Figure 3 presents the estimating equations for 'thermal sensation deterjiined from 
analysis of the. cprresponding thermal sensation votes and SET* (or STO at 50% rh) from 
the same data as used in 'table 1. .Iwo observations can be made from this plot. , One 
is that the SET* (i.e. , STO at 50% rh) preferred temperature determined for the subjects 
. in our study, although "within the ASHRAE comfort zone, is significantly different 
^ (P S O.Ol) betwe^oxthe young male and both female groups . Secondly, the T^ preferred 
temperature fo^jj^ounger females (Table 1) when normalized by^ET* (STO at SOX rh) in 
respect to f gj, and clo, is lov^er in terms of SET* (STO at 50% rh) compared to the older 
< female group. On the other hand, it can be inferred that the ^ndency ^or older females, 
to prefer winner T^'^s may be a result of lower metabolic heat production in these 
individuals (26). 

*iP There was a significant difference in the subjects' sensitivity in judging thermal- 
sensation as determined by statistical analysis of the regre^Jen coefficients. Young 
females and older females had significantly higher warmth sensitivity t-han the male 
group (P S..T)05). Howeve^, there was po significant difference (P 5 0.05) in warm 
sejisitivity betv/een the young and older groups. The dat^ sugges.t that a change 

°C inambi^nt temperature caused one category change in warmth sensation 
in the male group (i.e., reciprocal of the regression coefficient) while a 2.8 ®C 

• and-3.1 ""C d^nge in wuld re^t in a sisilar category ctenge in the young 

* female and older female groups, r|spectively . 

The results of the preferred optimum T^ levels, derived by our swing methqd for the 
winter laboratory study, in which subjects v^re allowed to wear typical winter indoor 
clothing, can be compared to the values obtained. during the summex^study,^ In*the 
stmtaer laboratory stud^^de scribed above, malep" thermal-sensation neutral point 
(24.8° G) was signifi&ntly lower than the females; the thermal sensation sensitivity . 
.wa^ also less. In the winter secies (l^ble 1)^ hpwever, the temperature for neutral ther^ 
* mai sensation was not signifJfcal^ly different within the groups, but was significantly 

reduced compared to summer valu^^. In the winter study, the higher clothing insulation 
contracted the preferred air temperature for comfort and,neutral thermal sensation about 
2° C compared to the zone observed for the summer ^tudy. Jhe thermal sensitivity 
values (AT^nsA'^a) were in line with Fanger's predicted (r*.4) but v^ere higher, as a y 
group, then for the summer series. The lower displacement in winter preferred tempera- ^ 
• tures for comfort is in itself interesting ^id has been also^ shown in the smvey findings 
by-Dr. Gagge discuss^ in this *Sym|Josi^am. ^ - ' ' • *^ 

Effect of Level of Humidity on Comfort and Thermal Sensation in Summer 

The results of the experiments in which humidity was elevated each hour for 3 hr at 
27^0 are shown in Table 2, and these discomfort and theraal sensation Judgments are 
plotted in relation to*£T* in^Fig.^TT'^^ch comfort and thermal sensatiorv value is the 
' > average termHial Judgment o%a .1-hr exposure. ^ \' : ^ 

/ T I No significant differences were evident between thermi? sepsation values for\the 

^groups ,./r for individual changes vnthin a group, at eath humidity level (Tabled and ^ 
Fig. 4)/ In the male and female s^ubject in which skin temperatures and core tempera- 
tures were measured, a humidity level of 40%, 60%, and 80% rh at 27 C T^ did not 
' affect mdan skin temperature which stayed constant within i 0.2®C thaxju^sout ^ 3-hr 
period. Core temperature was-also not 'elevated more than i 0.1--^^. IJtLs is direct 
evidence that temperature sensation, as Judged psychophysically by the subjects, is * 
associated with skin temperature, which is governed by ambient temperature rather than 
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TaBle 2* Comfort and thermal sensation values at the end of a l-hr ^ 
, humidity exposure at 27*C T^. Activity level at 1.2 met. 







dOMFORT 


THERMAL SENSATION 


— ' — • — ' — V- 

Relative humidity (%) 


40 


* ' 60 ' 


80 


y 
40 


60 


80* 


■ P3 (Torr^ 


'10 


15 • 9 


20.7 


10 

t 


15.9 


20.7 


Males, n =.7 (22-32 yr) ' 
i: sem 


0.57 
0,19 


0.82 
0.24 


1.57 
0.12 


0.50 
0.33 


V 

0.81 
0.08 


0^4 
0.33 


Females, n = 5 {18-24 yrt 
' i sem • 


0.60 
0.36 


0.40 
0.22 


,0.60' 
0^38 


'o.so 

0.14 


'0.25 
0.18 


0.10 
0.38 


Females, n = 6 (33-60 yr) 
i sem 


0.42 
0.30 


0.33' 
. 0.'15 


0.83 
6.25 


0.33 
0,33 


0.42 

o.3(r 


0,58 
0,27 



VL is number of individuals in each group; sem is the standard error of the mean. 
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•Figure 4". Average discomfort estimates (uppec 
ordinate) and thermal sensation'estimates (loWer 
^ordinate) as functions of ET* for humljiity experi- 
ments. Solid line is combined Kansas State Univ. 
(KSU) regression equation: y 0.1517 + .010 H- 8.371 
^efe^ (T^, °F); H (% RH) (Rohles ef al, 1973). 



modified by humidity level as long as skfn temperature is higher fhan dew-point tempera- 
tureTlThis response would be expected since relative humidity exerts little effect on the 
lossUf heat-by evaporaUon when the body is in the zon^of vasomotor regulation (26). It 
also Serves to show that one would n6t be able to predict accurate4y the clear effect of ^ 
humimty on thermal affective responses by merely using an equation shown in Fig; 4. As 
evidettt in Fig. A, 'humidity level affected judgments of discomfort, v;hlch varied markedly 
, -with^lthe groups e There was a significant Increase in discomfort, (using paired sample 
<- "analy^s, P ^ 0.05) for the male group from 5a to 80% rb level (Table 2, Fig. 4). How- 
ever, M)r the younger female group or older female group, no significant increas^n 
cUsconSprt occurred during the 60% to 86^ relative humidity increases • The mean dis- 
comforiiWalue at 80% rh fpr the male group was significantly higher th^n^the discomfort 
values jft>r the younger female group (t = 2.43, P S 0.05) and for the older female group 
(t = 2. sift, P^« 0.05). * Analysis at variance for repeated measures of 

unequal tooup size (Wjjier, p. 599)(27) confirmed the fact that humidity level was the 
significaipit main effect on subjects' discomfon v6tes, 
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5 can surmise that all groups were not affected at all by the 40% rh level 5: 
'C T3. Males sensed a greater discomfort with increases in humidity level 
80% ( «^ 16 to 21 Torr) at an acjf/ity level of 1.2 met in 27°C T^, v/hile. 
nqt. Furthermore, the discQa*<ort at 80% rh was significantly higher in males 
comfort felt by the younger femaie and older female groups . • I^i terms of 
change of 1 category Disc per change ^f 10.7 Torr 'is balanced by a change 
evel in males. Griffiths and Mclntyre (28) also found that at 28°C a low 
preferred and 50% and 75% rh were considered by their subjects as "more 
d uncomfortable." All these studies indicate that the xninimum acceptable 
itiCns in summer months for a dry-bulb temperature of 27 C (80.6 f) 
t 60% rh ( ^ i6*^orr), corresponding to a ET* of g.bout 27.7 or 2 ®C 
optimal ASKRAE neu^tra I/comfort zone. However, further studies are heeded 
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at higher ambl^fent temperatures and humidity levels. Males, engaged in office-type 

t), as shown in this study, appear to be very sensitive to elevations in 
evel of skin \ye:tedness, determined by the ratio of evaporation of sweat 
evaporative capacity of the environment, probabl^plays an important 
the <?ann discomfor? as shown in earlier studies (7 and 13). Decrements 
light physical and mental tasks may occur at increasing levels of 
humidity (S 60%\yh at 27''C, as ^ our study) and higher ambient temperature for longer 
exposure periods 
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to the maxim 
role in adding 
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Based on the' 
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elevated for huml 
$0.6clo. Higher' 
. conditions in offic 
•indicate ^a ne^d <f or 



Special consi!iei 
study, old^r females 
humidity level at 27 
resulting lower swea 
not serve as an early 
"individuals (17). Otb 
ostensible and can oc< 



iresent study (Table 2, Fig. <), at the upper T^ of the FEA guideUne 
scomfort and sensations (at S V.2 met) would not' be appreciably 
f levels 5 60% rh (16 Torr) regardless of clothing ensemble if 
umidities than^these at rr.e required summer ambient temperature 
buildings may'^resulti^in Significant increases in warm discomfort and 
ome humidity control. > , ^ . 

tion should be given tXelcerly office workers. As shown in this 
ter 1-hr exposure were^not excessively disturbed by th^^80% 
. Hov/ever, because of the general lover physical flrtnlss*and 
ecretion ^nd poor skin circulaUon, le^^l of skin v^ttedness do^s 

fdt thermal discomfort in the elderly as it does for more fit 
symptoms of distress (s>rncope, headache*, e;tc.) are less 
at higher levels of humCdity and ambient temperatures. 
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Effect of Leveijl of Ambietit Temperature on Themal Acceptability in the Winter 

. The basls\of. this study was that subjects were allowed at will to Increase their 
clothing insulaition (by addition of sweaters). As such^b^havioral thermoregulation 
♦ would be the major way to avoid displeasurfe from cold aided also by vasoc6nstri<?tion. 
We limited our Exposures to 1-hc so that eiccessive heat loss w6uld not be a major 
factor Bnd decrease core temperature. In^other studies we have done (19) at similar 
time periods, esophageal temperature was maintained constant (37 i 0.2^ C) in 
sedentary individuals 0.6 clo) eVen ajt ambient temperatures of 5*Q and lo'c. 
In the present study, were also inter;ested in evaluating h6w cpld discomfort varies 
over different body segments among males ^nd females of different age groups.- 

A plot o^ the ^hole-body discomfprt, thermal sensation,. and effective clothing 
insulation dy) is shown in Fig. 5 for 4ach group. The most significant observation 
is that at neither of the two T^^ levels^ did the subjects_ manage to a$oid discomfort 
totally by use of ex^a clothing (shoWn by the effective I^j^ increase). Young females 
always had a significantly higher effective clo increasejrom comfort conditions 
^ compare;! to the othW groups '(roughly a change of 0.3 clo) from baseline comfort 
conditions. What is^apparent is this figure is that subjects,. for some reason, never 
added sufficienv^lo^ing'which woixld bring them close to the intrinsic I , of 1 ,4, 
(about a. 9 effective clo), which Fanger (3) has recommended as a clo va^ue for a 
20*^0 preferred temperature at 1. l/met. Humphreys (29) has pointed out that an 
individual may find it more acceij(table to function by intermittent activityievels , 
of res^J^d work, if he/she is lightly dressed in a comfortable environment than if 
h$/she is. heavily dressed in a cool one . 
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Figure 5., Whole body thermal dis- 
comfort, thermal sensation^ and 
increase in effective I^jq at 20^C 
and IS^'C. 
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A plot was made of whole body discomfort ani arithmetic means of the local regional 
thermal sensation votes at 20° C. and 15° C as shown in Fig. 6, - 
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Figure 6. Relationship between whole body thermal 
•discomfort and local thermal sensation from various 
body segments, , • 



Clearly, what this figure indicates is that thermal sensation vot^fe over the face, 
^ back, arms and hands tended to be distributed unevenly. The assessment of thermal 
sensation from the covered legs for the two-T^ levels proved a good predictor of the 
total cold discomfost for all groups regardless of clothing insulation. Thus^ every increase 
in local cold sensation from the legs (and possibly also feet and .toes) away from a ther- 
mally neutral point may be a reasonable Indication of total cold discomfort and by infer- 
ence - thermal dissatisfaction for all individuals. ""-^ 

Fanger has shown (3) that even within the leyel of ASHRAE's Comfort Standard ,(2), 
which is rigidly specified for both winter and summer conditions/ 5% of the people will ^ 
still be dissatisfied with th6 eavironment. In ous study it was possible ta directly com- 
pare the frequency of votes (5 subjects/group over 3 sessions), each subject checked 
as acceptable or not acceptably over the two dry bulb temperatures. The results are shovn 
in Table 3a. The hypothesis was tested of no difference between groups U*®* / ©Q^al a^;- 
ceptability 'ariiong young ma4es, older males, ^oung females and older females). The x 
analysis'gave 1*0.84 (df'3) which shows a highly significant difference acceptability. 
Young females had the most dissatisfaction at 20° C environment despite a higher clo • 
•^value (0.9 clo). As expected, at 15° C all groups had similar dissatisfaction with the 
'environment (viz: = 1/ df 3,_P S .05). Interestingly, when Fanger* s--criteria (3) ^are 
used to estimate acceptability (i.e. , all votes + 1 or - 1 from lieutral, acceptable), the 
percentages are somewhat lower (70%) compared to our direct group yotes as seen in 
Tabl6 3b. - * " ; . 

In o^, winter study it was found that at 20''C, the effect of added^clothing byjhe sub- 
jects (generally done by adding sweaters and determined by the effective clo increase 
(l7))did maintain 3 of the grcrups in the comfort range. In this respect,* our results concur 
with the observations of Melntyre and Griffiths (30). in which donning of a sweater («0,3 
clo) increased feelings of warmth. Differences between males and females were again 
observed in the winter study. Local sites producing the highest cold sensation votes at 
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Table'.^a-A. Dlfectly observed .acceptability of 20*b. 





Young males 


Older males Young femalefe 


Older females 


Total . 


/ic cepiaDie 




12 ' • 8 * ' 


15 


48 (80%) 


Not acceptable 


2 


3 '7 


0 


12 (20%) 




15 


,15 * 15 ' 


15 


60 




= 10.84; df 3 (P $ 0.001) - 






Table 3-B. Fanger's .criteria of acceptability for same data. 






Young males 


Older males Young females 


Older females 


Total ^ 


Acceptable 
^ votes* 


13 


- - 13 * ' 8 ' 


8 


42 (70%) 


Nbn-acceptable 


2 


2 .7 


7 . 


18 (3,0%) 




• 15 


' 15 15 


15 


60 




2 • 

X =8.0^5 7.8; df = 3^(P ^ 0.05) 






, Acceptable votes according to Fanger include all votes + 
neutral. 

\/ 


or - 1 category from 0 or ^ 



20 C showed a similarity to others' results (26"* 30). However, the areas constantly ex- 
posed to cold such as the face and hands were not consistently sensed as the coldest 
by every ^roup (variable heat loss in the face) (Fig. 6). The cold sensation votes from 
the uncovered leg^' ho'w^v^r, were highly correlated with total cold discomfort for all 
groups (Fig. 6) and may be a good pretlictor for both thermal sensation and discomfort.. 

Another factor which should be .considered in Judging thermal acceptability eft 20*C 
and ab we is bo dy weight^to-DuBois surface area^ratio or the ponderal index of Fanger 
<8.g. Vwt/AD), which factor is a relative indication of ix)dy build and amount o? sub- 
cutaneous fat (in lieu of skin fold measut^ements). /This fabtor is anothel- way of ^idirig 
thermal insulaUon and^ thus, enhance cold resistance (26). Jh-this respect, young fe- 
males had the lowest weightrto-surface area ratio, but were more dissatisfied at 20^0 
despite a higher calculated I^o than the other groups. The combination of increased 
local air movement^around extremities while walking and increased,. dry heat loss around 
these specific body segments may have also contributed to the dissatisfaction apparent 
In young females.' In the winter study i^was found that older individuals complained 
less of the cold than did younger females and they had less cool discomfort at both 20*^0 
and 15 G (Fig. 6). Such response has been shown in other studies on elderly.persons by 
Watts (31) and by Horvath et al (32), Horvath et al (32) noticed that although older 
subjects (male and female) did not make discomfort complaints (at lO'to)', they were less 
able to maintain core temperature than the* younger subsets. We, are especially con- 
cerned with responses from the elderly age group because In older individuals metabolism 
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is generally decreased compared to young individuals and problems of adequate circula- 
tion may occur, especially in the inactive. Cold discomfort;, however, may not serve as 
an adequate cue as shown in the study by Watts (31), Horvath (32) and ours. 

In summary, as shown in these laboratory experiinents , a 20^C environment of 
possible interest nationally as an energy conservation strategy, may never be wholly 
accepted by a significant percentage of all individuals despite added clothing or doihg 
light office work with increased activity. When occupant comfort and acceptability, of^ 
such an environment is C9nsidered, local cold disdbmfort from peripheral extremities, 
such as arms; legs and feet, surface area-to weight ratio, sex and age, duration of 
occupaticy, -as well as level of activity, must all be considered.^ All the problems, 
introduced by these factors certainly will not be remedied by^merely adding extra 
clothing. However, 'an awareness of which groups of subJecftTare the most likely to ^ 
be dlssatisfied'is a.step in the proper direction. Even while left free to increase 
clothing at 20^C, only 80% of .the subjects in our laboratory winter study found the 
conditions thermally acceptable . o 

r 

if , 

Special Study; Seasonal Acclimatization • 

Despim extensive research ln%iis {leld^Uttle Is known about the effects of long-term 
heat exposures for subjects working and living In hot cUmates on their thermal comfort , 
response and on their thennoreguiatory*^ystem. Equally unclear Is human acceptability 
of such.an environment even though many spend whole lives in warm regions . For 
example, a sedentary office worker In a hot climate, is not necessarily acclimated to 
moderate or hard work in that climate. Thus^both physiological and sensory responses 
may be blearly different in the same individual depending on the task hp performs. 
Whether at rest or active, heat acclimated subjects, both clothed and unclothed, 
should have an upward displacement in preferred Tg (or acceptability of a 
given warm environment) compared to an unacclimated state. However, Fanger (2l») 
has never observed this in individuals brought to Denmark fi;om tropical areas . 
Addrtional basic studies are necessary, however, because Nlcol (33) has analyzed 
the field studies made by Webb OtfTand found that natives of certain ho't-wet regions, 
with varied occupations and presumably heat acclimatized, do prefer warn^er ambient 
conditions (up to 32-33° C) in summer seasons. Humphreys (29) has compared 
results of extensive field studies in various climates around the world and concludes 
that "Fanger" s results which suggest that acclimatization does not affect thermal 
comfort requirements, may need some qualification." 

' A Just-completed study (25) explored the physiological and affective changes 
occurring during seasonal heat accllmatlzat{on, in 2-0 young males attending Yale 
Summer School sesslqtis. Subjects rested or did light exercise (« 2 met) while exposed 
to-ambient temperature changes ^either undotheH or heavily clothed. The conditions 
were done in early June and repeated In late Au^t. Results of the study are shown In 
-Table 4. ^ * , A ■ ' ^ \J 

In general, the affective response! for resting^subjects , both clothed and unclothed" 
showed no statistically significant difference betwefen June and August. This confirms 
McNaU's et al (6 ) early studies in resting subjects. However, the light exercise was, 
in fact. Instrumental in changing atfectlveTesponses . Exercising subjects in August . 
preferred a warmer temperature (Scale 1), thought they were sweating less (Scale 3), 
,had lower internal temt)eratures (oral), and felt cooler (Scale 5). Figure 7 shows that, 
for subjects in which sweat loss was directly measured, a dlsplacement;-pccurred 
towards lower internal body temperature without a change in the -proportional control 
coefficient for evaporative heat loss. \ y" 
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Figure '^7, Relationship between evaporative 
heat loss (Egj^) and interrfal body temperature. 




These experiments have broad relevance to energy con|^rvaUon requirements in 
summer months. For one thing, if subjects' thermal preference is for highei^ ambient 
temperature in late August, .the thermal acceptability 'criteria (2) may in fact be 
changed. Building environments (T^ and<^h) could allowed to rise during the day ^ 
in summer months with only mifiim^il dissatisfaction. Essentially, physiological 
processes (improved skin blood flow, evaporative ^eat loss) occurring during.normal 
heat acclimatization could compensate for the reduced air conditioning necessary; for 
. conservation of ener^gy. However, our results have to'be confirmed by more €?5«ten"sive 
field surveys. ' - , r ' 

CONCLUSIONS v/* ^ I 

I 

" The present review has focused on some physiological and subjective factors 
whiqh win be Important in Energy Conservation practices in the future. Througjiout 
this paper the emphasis has been that, before we consider engineering applicafenity 
in built environments, we must first consider physiolbgical consequences. It is^n 
easy matter to lower thermostat settings in the winter or raise temperature settings, 
or eliminate humidity control in^the summer. As we have shown in these laborajtory 
studies, such practices wiU involve a measure of discomfort.. Thermoregulatory 
and heat exchange models can offer a useful first order prediction of the degrefe^of 
thermal discomfort; but, we need to realize that such mode^predictions havfXo be 
Compared with actual experimental data which mSy^ot necessarily involve thermal 
" steady-state conditions . It is not the physiological comfort point where we need 
additi9naLstudies - it is at displacements from" this point. Such studies in the 
future 'should focus on a disinterested resolve to such factors as sex, age effect, 
frequency and direction of dry bulb and humidity and possibly any chaiige^ in 
hum^h comfort criteria caused by normal physiological acclimatization. 
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RATING OP,ENVIRONMENTS K)R HUMAN THERMAL COMFORT^ "RESULTANT. SURFACE TM^ERATURE" ' 

by" • . 

T. H. fienzinger , - / 

Bethesda', Maryland . . " ' 



ABSTRACT 



-A concept is Introduced for rating thermal environments on their potential for hum^n 
-bomfort. It Involves the measurement of the surface temperature (designated Resultant 
Surface Tempeyadfce) of an object placed In a building environment and producing heat ppr 
unit surface area at a rate equal to that of a human body. A detailed description is given 
of a prototype RST-Meter th^t has been built-' The intended applications for .the instrument 
and "How It'feould used for rating environpents is described/ , 

* % • * 

Key Words: Indoor Environmental Measurement, Rating of Indoor^ Environments , Thprmal . 
Comfort . • . , 

- INTRODUCTION , ^' 

^ ' ). ■ . ' * • * „ 

It 'Is generally accept^TthlTTliEre-arfi^sl^^prto variables that govern the ''£|ellng" ^ 
of comfort or discomfort o.n the part of occupantToT any given strucljur? (1, 2)*. Tli^ _ 
variables are air temperatur'e, relative humldlt;y, air velocity, mean radiant tempei;ature, 
t-he level of actlvlfy of the occupant, and the amount of clothing woun^px^erlfflental work 
has been dpne over the past fifty years to determine £lie Interrelationships among the6e 
variables and how a change In one, with given fixed values of „the othfeijs,^f f eqts comfort 
(3,4,5,6>7,8,9). Hore recently, mathematical models, .which have been veflfled by-some ot 
the past experiments, have been used In these studies (1,1P,11,12) . ^ 

* In making me'asurements to determine the acceptability of Indoor environment^ from a 
thernal standpoint, the air temperature, relative humidity, and velocity are most- of ten 
■measured with conventional Instruments and the mean radiant temperature (MRT) determined 

. bfuslng a globe thermomete'r . However, It Is difficult to accurately f asure the al^ velocity 
because of the relatively small air movement In most occupied spaces of buildings. In 
addition, the accuracy of determining MRT with. the globe thermometer is a function of the 

-accuracy of determining the air velocity. The globe normally is a 15 cm (6 in.) diameter 
hollow copper sphere coated with flat black paint and having a thermomet.er at its center. 
The tempetature assumed by. the glob^at equilibrium is a' result of a balance between the 
energy gain or loss by radiation aadythegaln or loss by convection. The MRT is then 
calculated -using the air L .iperstt^re, sir .velocity, and |16be tem-perature: There have 
been a numbempf instrjjments built over the last decade .to determine MRT more directly. 

-They are rev5lre<^^i^a separate paper presented at this symposium (13). 

There havfe been very few Instances' where the measurements of all the variables or at 
-least the effect of all the variables hav^e been combined into a single Instrument. _ Two _ 
of the most significant attfempts^at doing this have resulted in the so-called Thermal* 
Comfort Meter" (14,15,16) and Jthe "R-Meter" (17) . , < > 

The "Thermal Comfort Meter" consists of an. elllpsoldally-shaped sensing body and an ^ 
associated control c^cult. and calc^ilatlng device. The size, shape, and surface properties 
of the sensing body were chosen so thaf the relationship between the energy ekchange b^ 
convection and radiation Is the same as that for a human. The control circuit maintains . 
the surfa-ce temperature o? the sensing device 9t a prescribed level (cliosen by the Instru- • 
*ment user and depending upon. the occupant's metabolic rate and nature of the clothing ■ 
>^speclfled) and- the amount •£ energy required to maintain this temperature^ (i.e. , the heat 
16S3 from the sensing b'ody) is then used in the calculating device to give a direct read- _ 
out. in terms of. relative position on a comfgrt scale. 

" : «i — ^ 

Numbers .In parenthesis *lndlcate references at the end of the text. 
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The R-Meter consists of a sensor unit wl^ch is a 0.5 cm (2 in.) diameter skin-colored 
sphere formed by No. 36 enamel copper wire, bifilarly wound as two hemispheres. Tfee wires 
Are held as a rigid sphere by a thin epoxy coating. The sphere serves not only as a sensor* 
but' also ^s a unilorm' and rapid heating element. The sensor and associated control box 
fait be operated to determine the operative tenperature (18,19), defined as the uniform' 
temperature o^ an entlosure surrounding the subject in which he would have the same heat 
exchange by radiatiqh anB^ convection as he does in the actual environment. 



The major advantages of such instruments are their ease of use and the fact that the. . 
individual environrjiental variables need not be ^easured . This latter advantage however 
is also a disadvantage. , Whereas the instrumenflfc/ill give an indication of the relative 
'feeling of discom^brt to be expected, it is no^^ossible to 4etermine the reason for 
discomfort withoiij: addftionaV measurements. The exception is with the us^of the R-Meter^ 
whetfe it can also/ be used to measure MRT and .equivalent "free-stream" air velocity. * 



The subject" of this paper is^ new instrumentation and the experimental approach^^Aich,. 
should allow a thermal environment to be full^ /Characterized* inciting the asymmetrical 
aspects of low .temperature radiatfion and air motion. 



i' RESULTAKT SURFACE TEMPERATURE (RST) 

The tasTc of characterizing and rating a given renvirojament on its potential for human 
thermal comfort could be resolved in an ideal manner, if there existed one measurement that 
would reflect, and be jresp^onsive to, all factors of Xhe thermal environment, in the.j5ame 
way as a human body is affected and induced to respond. It is proposed that a measurement 
of ^rface temperature (to be called resultant surface temperature (RST)^ .of an object, 
producing heat per unit surface area at a rate the same as the heat production of a human 
body and placed in the position where the occupant o'f the environment would place himself, . 
will satisfy the requirement. _ _ ^ 

/ Inherent in the concept of RST are the following assumptions: 

1. Whenever, at a given rate heat {>roduction, any factor , * ~* 
// of the thermal environment changes, the RST must also 

change in order that t;he equilibrium between production 

and l09S of heat can be restored. In other words," when- _ 
ever the MRT rises, and' everything else stays the same, > ♦ ~ 
the RST must rise. Whenever air temperature falls, and 
eve;:ything else stays the same, the RST imist fall. When- 
ever air -motion increases and everything else stays the 
^ same, ^ the' surf ace temperature-pf the heated object imst' 

go down. ^ ' - ' 

2. There is, in any one environment at a specified locaFion, 
at one time, and in one direction of space, only one RST 
that can fulfill this condition. 

»- . * * ' ^ >. - ^ 

"RST," is therefore chosen to be'the variable to rate thermal environments objectively 
and unequivocally with respect to their effects on human occupants in given places. More- 
over, unlike ratings obtained by me^ans of the state-of-the-art indices, the measurements 
of RST would be independent of any study or f indings^ .past,, present er fj^tu^e, on the re--^ 
actions of human subjects,* their physiological (pheripheral or central) ten^peratures and 
their, subjective sensations, behavioral reactions, or. votes of •'comfort. The essentiaT * 
physical characteristics of a given envi;?onment would be measured in an exactly reproducible 
manner. ^ . ^ ' - - _ 

\, ' ' ' ^ ^. DESIGN AND CONSTRUCTION OF AN RST-METER . 



described herein 



Some wpjrk has been done to design and *build a prototype RST-Meter. This work will be 

1-65' " /-^ T 
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' ^ Since two of the four physical factors involved in the heat exchange proces^between 
the occupanjt and space, radiant he^ transfer and air laotion, have directional characteristics, 
it was decided to construct a sensor that could be used to "scan" the environment. In <his 
way, the directional characteristics of RST could be determined. Since a^scannlng radioneter 
had already been built (20) for deteraining directional ifadiant temperature (DRT) (see 
Pifeure 1) , it .was tentatively decided to incorporate the j>rot<jf ype RST-Hetcr onto ^the top 
of the existing scanner head; - . * 

<»A sc"heriatlii of the proposed RST-Meter construction as originally conceived is sfiown 
-in F}.gure 2. It consists of a tightly bonded lamination of Several components. The center 
is an insulating base which serves to unite mechanically, yet separate thermally, the two 
heaters supplied with identical amounts of ener'gy per upic time and surface area. External 
to the tWn heaters are twin thermometers bonded to the heaters by a chin layer of 
electrically insulating material. The outermost layers are coated with some material 
absorptive to low-temperature long-wave radiation. o 

When the instniment was 'first conceived, it was planned to build the sensor head by 
depositing thin layers of^etal on oppS^site sides of a thin "Mylar" sheet. Each sheet was , 
then to form one half of Zhe synnetrical instrument sensor of Figure 2. On one side, of 
the sheet, the metal was to be reference grade platinum which iould serve a^ the resistance 
thermometer and on the other side, a laetal alloy (called LTC) of gold, chromium , ^and nickel 
with an extremely low temperature coefficient of resistance for the heating element. It 
was planned to bond the resistance heater directly to the central insulating panel. In 
turn, the resistance thermometer deposited on the opposite of the ."Mylar" sheet was to be 
c<g^ered by ai^ overlapping layer of silicon monoxide (also accomplished by deposirion) 
allowing A covering metal foil tp be applied for an outer surface. "It was recognized that 
the only disadvantage of such a design was the relatively low resistai^e (on the order of 
tea ohms) obtained for square layers that were thick enough to be uniform. However, the 
resistance could ^ increased to the order of 200 ohms by dividing the ^square into a^ 
continuous ribbon. ' Figure^^shows the .basic pattern for both tbfe resistance^ heater and^ 
resistance thermometer;. It w^s planned to accomplish the pattern by placing certain '*masks" 

over the substrate during thO<ieposition processes. 

* 

After -several months of experimentation, the basic design described above had to be 
modified for two main reasons. First, it was not possible to accomplish a uniform comb 
pattern as shown in Figure 3 by deposition even though two different techniques were used 
for "masking" the substrate. Secondly, it was found that the resistance thermometers could 
not be electrically isolated from the covering metal foil b^^^e deposition of the silicon 
monoxide layer. A microscopic investigation of the deposi^ re\?ealed innumerable pinholes' ' 
which resuite4 from not being able to obtain a completely dust-free substrate. 

As a result of the above efforts, ^ change in design vas made. It >asM decided to use 
a substrate of -synthetic sapphire and to deposit the same metals as initially selected but, 
to do it by the- technique of "sputtering". The fatility for sputtering (in this case at 
the National Bureau of Standards) had a size limitation on the target. Consequently, the 
size of the-prototype sensor which was actually built was reduced somewhat f rom, the , original 
design. , _ * , ' - • ^ ^ 

Figures A through 7 are schematic diagrams showing the essential features^. of the ^ 
prototype that was finally built. The substrate of sapphire that was used haS a thickness 
of .0.2 mm. Figure 4, is a front view of the sensor head showing the essential dim^ions. 
The surface of the* sensor measures 1 cm^. The two deposits, gold for the resistance 
thermometer and LTC for the heater , are on opposite sides of the' substrate with the slicing 
patterns rotated by 90°. This rotation was done to insure a uniform temperature distribution 
across the surface of the sensor. The figute also indicates the wires required for connection 
to either a linear bridge (thermometei:^ or a power supply (heater). The five shown are for 
the thermometer and heater in front. A^total of ten were required for both thermometers and 
heaters and were Ad down through stainless steel tubing having an inside diameter of 6 mm 
as indicated -in Figure 5. ~ • * . ' 
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Figurw 6 and 7 show a side vtew and ♦utaway view, respectively, of the sensor head. } 
ihe airspace between the two heater was left open. After further analysis, the space 
coiirbe filled with an insulating material. The prime considerations will be required 

sp^d of response to changing environmental cdttditions as well as having the measurement 

in one direction" not Influence the measurement in the opposite direction. As can be seen, 
Jhe outer'ring of the sensor head serves as a carrier for the lead Wir^. J^.^;^-^/^/^^^ 
In" diameter run In separate grooves^ather than in one 4 mm conduit. This allows sthe wires 
to be separately and securely located. . r ? i- 

■ Figure^Lshows one thermSfeter and tektev unit prior to assembly in the sensor head^ 
Tie com^-p^t^n shown was, not obtained ^uring t;he deposition process originally planned, 
instead, it was made after deposition by special scribing process. The substrate was , 
fastened to a movable table fitted -with a -low-inagnification microscope and a specUl cone- 
shaped carballoy stylus. In such a rig. it was possible to form lines of less than 0.05. mm 
in width. . ■ . . , ; 

Figure 9 shows the completed prdrtotype sensor 'head. It has been assembled in the . , 
' metal rlne and silver epoxy resin was used to attach the lead wires to the terminals of ■ 
the resSance thermomeLrs and heaters. The necessary bridges and power supplies have-been 

to the taJS^f the existing scanning radiometer shown 1* Figure 1.^ Some preliminary 
cfllSrlJlSn work h^s. begun to determine the, characteristics of both the thermometers and 
tSe S^S. Further development work is planned to examine alternate and better ways of 
making such an instrument. 

° ' _ . - ;. 

APPT.T CATION OF THE RST-METER 
A brief descriptioh will^lje gi^^f the intended uses for the RST-Meter.. 

An Environmental Physiological Te ppera^re Scale' . ' ' , 

As evidenced from the description of the instrument principles", RSI measurements could 
be coAsideted measurements on a 'Iphysiological, scale" and should allow one to ^^te^ine 
-thicrone of severi environments 'wbuld be "warm»r" or "coole^" for occupants and l?y hpw 
^nv "degrees". This should be-so regardless of whether the. air motion, air temperature, . 
rradianrtL^erature is'the pridbminant determining physical factor. Although humidity 
•level over a wide range has only a minor effect on preferred thermal conditions, a 
c^plefit^valuation of 'the en>fironment would require an a^difional independent measurement 
of- the humidity level. _ .,,.»- 

Once envitonments have been evaluated or rat^d on the •scale,'-predlct*lng how' 
"-different individuals would react to those environments is a completely diff^ent subject 
Jtqulrlng independent anal^^sis, A great deal of research has been done_ln,.determlning human 
subjects' "preferende" for different environmental conditions. References (3-9) We 
already been cited and a coiplete, review paper has been devote^ to this topic at this 
ly^Sslum (21) However, it is felt that in conjunction, wit*' the u|e of an RST scale, a 
SnUicant si;ple of th; population should bfe subjected' to controlled exper^ents in which 
not only their verbal or'writben responses are recorded and analyzed ,■ but detailed • 
rh^siSogic^l measurements made 'as well. TJ^is would enab.le a -"J^^^-^^/ ,f ^^.^f^^^^^^ 
established on optimal environments and zones tff comfort as a function of the individuals 
own "human therr^ostat". 

In"?ecent decades, sensory physiology has'made extraordinary progress due to recordings 
'of single-unit nerve action potentials. As a result, we now know that -mot^ than a single 
•feasSS b^dy te^Sratur. Is'needed to characterize the human's' state of f IP^J f^^'^ 
Research has shown (22,5^)' that the reaction of an occupant to %i%'^^r^l f"!^""^^,^ 
is a unique function of tTfe "temperature- in the anterior portion of the hypothalamus refeioii- 
if the b?aL as weU.as on the skin.. When the hypothalamus temperature ri^s Rboye a sharply 
defied set pSnt. for the individual (varies from persorl^o .person) . warm sensitive neurons 



t f 



begin to fire and extite sweating such that the rate of sweat production is directlypro- 
portional to the deviation beyond the set point. The skin temperature can cause an effect 
of inhibition on the sweating (if *it is occuring) as' well as result in a feeling of cold 
by»the individual if its value is below 330C. 



Partitioq of Body Heat' Loss 



The human sensory "system has no means to distinguish between radiant and oonvective 
heat loss^. Determination of RST will therefore be sufficient in stating the degree of 
comfbrt or discomfort to be expected in a given envirofiii^ab^t^^^#^ Co the thermal 
engineer, it is critically important to know why a given- environmenti is inadequate. Are 
thete souty:es pr sinks 'of radiant heat, low«o^^ high air temperatures\ or directional air 
currents? (To ianswer these questions, the. m^;asurement of RST could be\cojmbin"ed with . 
measuremerJ|Lpf the radiant temperature. - - > ^ \ 

As mentioned previously, it is the intent to use the RST sensor in conjunction with 
the scanning radiometer of Figure 1. As a result, integrating the results of one complete 
scan with both insjiruments would allow the simultaneous determination of MRT as well as an - 
integrated RST. "Recognizing -that this value of IJST reprei^^its the surface temperature of 
a heated obj^ect or jion- sweating human of specified metaholi^ heat production exchanging 
heat with^his environment, it is possible to calcul^a'te the heat exchange by radiation*: 



a' (T T ^) 
s e 



(1) 



wher/e 



rate of heat transfer per urOT^area by radiation 
between; the RST sensoi> and the environment, W/m^ 



O = Stefan-Boltzmann constant, W/(m * K) 
T^ surface' temperature 'of RST sensor, K 



mean radiant temperature of the environrfrit, K« 



Lnce the total rate of heat iftjjRut to the sensor is known' and specified, one simply subtracts 
lie jradiant portion computed above to determine the heat loss by convection. ^ r 



Prediction of Body Skin Temperature • ' ' 

One can consider l\eat trans fler from the surface of the human body through* the clothing 
tjo the environment to be described by the simple steady^-state heat transfer equation: 



(t 



sk 



Co' • 



(2) 



Assuming^he RST sensor is small in compa^iso^nf to the environment it faces and 'that its 
surface emissivity = 1. 5^ ^ 
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where 



sk 



total, rate of heat loss per unit area from the human bWy,*W/jn 
skin temperature, °C 



2 ^ 



outer surface temperature of the clothing, C 



of the clothing to heat transfer*. 



overall resistance 
(m2 . oc)/\J 



It should therefore be possible to use equation (2) to predict ^^^Tbdy skin temperature 
onpe the Resultant Surface Temperature has been measured (t^^) for a given metabolic heat 
production (q) . References (24-27) give detailed data on or methods of pre<i^^*i»g the 
resistance or insulating value of a variety of clothing ensembles. 

Once the skin temperature has been computed, its value could then be used to state the 
degree of discomfort due to cold (a skin temperature below 33°C). In addition, using a 
mathematical model of the human body (11,12), it would be theoretically possible to predict 
a ceiltral body temperature and hence predict the exact state or condition of the person in 
that given environment. It should be noted though that for this prediction to be meaningful, 
th% central body; temperature would have to be correct withirVj^very narrow limits. ^^^^ 
thermal 'conductance between the skin and core of the body varies^^dely due to vasomVbor 
responses and variable rates of blood flow between these two area^ it^ is felt that predicting 
central body temperature from the measurements could not be done accurately. 



Accounting for Evaporative^ Heat Loss 

Man maintains thermal equilibrium with a hot environment partially evaporative 
heat loss or secretion of moisture at the sweat glands. In order to properly account for 
this in 'the measurement of RST and rating of the environment, it is proposed to reduce the 
heat input per unit area to the sensor by an amount equal to the evaporative heat loss. 
This "negative metabolism" could be based upon studies done on swe'at rates of individuals 
and could be automatically accounted for in the control and operation of the ii^rument. 

Equivalent Ideal Temperature (EIT) 

When exposed in air to an environment and heated at an appropriate rate per Unit area, 
the value of "temperature" indicated by the RST-Meter will always be higher titan the air 
temperature and what a conventional room thermostat would indicate. ^ In order for the readlng^i 
of the RST-Meter to bear some resemblance to the temperature building occupants are most, 
familiar with, it is convenient to introduce the concept of equivalent ideal ^tempfBr at ure (EIT). 

Whi]^ any number of environments of widely varying air temperature, air motion- and mean 
radiant temperature may yielc^ Exactly the same reading of RST, there is in theory one that 
is most readily defined: an. "ideal" room in which the mean radiant teiftperature is identica^ 
with the air temperaturaj, and the room is free of any air motion beyond the inevitable 
thermaf convection accusing "Ground the instrument. The integrated RST of this room is 
designated as its EIT. It. is prop*i»ed to "calibrate" the RST-M^ter in a special "ideal "^ 
chamber so th^t all rooms dfi which the RST-Meter is used could be rated on an EIT scale.* 
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^ . • " ABSTRACT 



a. Themal coafort depei^^s on a. variety of factors including the level of physical / 
activity, clothing worn and how the occupied space is heated, cooled or ventilated, \ 
Sufficient attention Has not been paid to the laportance of physical activity or'the types 
of Jobs workers need to perfora in a given environae^t. Their setaboUc heat production 
and nodes of heat loss are laportant aodifiable coaponents in the ^ergy balance ^quatiOT. 

. Both relatively cool and warn environaen'ts can be tolerated by. the physically active 
worker* Sinilarly, codification kE cjothirtg enseables can extend the tolerable range - 
depending on the t;yyJe^of t^k perforned. Confort and tolerable conditions can be quite 
different, but^w&en energy rsust be conserved naintenance^of tolerable conditions will, af 
s necessity, taka pi^cedenc§ over "^coafort," The llaits of fiolerable conditions for various 
' tasks reaain ill-defined an4 largely a happening of the work place. Use of tolerable 
conditions aay ^ovide ther^ stres? -and result in physiological and psychological strain. 
Thus, research is needed^ to provide guidance Regarding tolerable conditions and their 

(^periedicity, physical activity, clothing worn, work-rest cycles and productivity, xhe 

CTiaulative effects tff prolonged theraaJL stress and 'the resultant strain need to be assessed 



\ 



\ 
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•Theraal_c6afort, theraal sensation, theraal toler^ci, v6rk conditions, teaperature 
. control, environmental control, teaperafpre and perfomaMe, 

' , The concept to >e treated in tljis hopefully provocative paper is that there%re 

inportant aspects of the theraal environaent of consequence to workers ^d their-. employers 
other than coaf6rt or theraal sensation considerations. Ac^ceptable work/can be perforaed 
within cnvironaents encoapassing a relatively widet range of environaentiA condition^* 

Theraal coafort has^beeA defined as "tha't condition of aind which expresses satisfac- 
tion with the theraal environaent" (ASHRAE Standard 55-74) (1) Jbrlnore recently in tei^ of - 
^ ^ theraal ^'sensation, "A sensation that is neither slightly- wara or slightly cool" (ASHRAE 
Handbook of Fundaaentals, lft72)X2). As the aore recent version suggests, a theraal evalu- 
ation s|ale and a comfort scale should probably not be coabined as- has been the traditional 
practic>«^ J)ut the scales should be separated to better utiJLize t^elr independent contribu- 
tiops; A t"heraal sensation ratl^ig "is a function of the surrounding environaental conditions 
• ^ -de^^ribed by: dry bulb temperature (T^^j) , wet .bulb teaperatnr^ (Twb^» ^^er vapor pressure, ♦ 

ae^ radiant teaperature, and air velocity, plus such behavioral aodificatlons as the • - 

wearing of dlffermt types of clothing, utUiaation of protective strategies .or thp modifi- ' " 
catioij of phjrslcar activity so^ as to change the heat gen^rat€wi by aetabolisa within the 
b'ody. AlWf^ these Relatively dirfcreet yet interdependent variable affect the bo<hr with 
respect itoatomfort and theraal sensation:^ In terms of>-£i?^aditional usaget the teaperature 
and huaidity range which provides high probability of cpnfort' "has been set forth as the 
^ . comfort envelope." Research»^ primarily on college students, has provided definitive data 
on the "coafort" of interior environments for subjects wearing approximately- one "do" 
uniforms and who ai?e either resting or working at very low metabolic rates. » 

T . ' ■. ' * ' ■ . * ; , < 
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The point is that cotafort and thenaal sensati^ scales while providing useful infor- 
mation, onit inportant Inputs fron the cotsplex environments, that are probably acceptable 
to those in the occupational ^rld. People nus^ vorW within, the environment but they can 
perform well in uncoofortably "Vu^t ot cold envirohmtotls » " A partial list of some of the 
icportant factors to consider in an analysis <rf perf affiance in relation to thermal tolerance 
is presented in Table 1« . 



So 

OunMl V«rut>on 



I Conowtvtoon 



Uptons « 



Because of the spectre of a long-term cnei^gy shortage,, one must assume that ene:tgy 
Ir heating and cooling will be available in the futtire only at a premium an«, therefore, 
must be conserved. Thus, the concept o? tolerance in relation. to acceptable productivity 
assumes added importance. To acconaodate the tolerance/productivity concept the'intra- 
personal,. behavioral, occupational and environmental complex should be assessed in some 
detail in order to provide an acceptable compromise for buildings and their environmental 
control systems. * ' \ v^00^ 

Thermal 'limits within the range of physiological temperature, regiilation foreman have 
been defined as the extreme envirpnmental conditions which induce physiological responses 
that reach "steady state" values and which are reversible once the thermal stress has been 
removed (3), Other less severe criteria for thermal strain limits include those used to 
establish safe working conditions for a wide range of occupational activities (4). The 
variables described which affect comfort are Vlso the oneS used to establish thermal 
limits, ±.e», T^b^ Tvb> radiation and air movement, "Physiological" thermal limits have 
generally been defined utilizing laboratoi;y or occupational environments. E^hasis has 
usually b^en placed on the limits of thermal rkgidation, principally bo.dy heat storage and 
core temperature rise. 

Tolerable thermal limits or tolerance llmitfe are somewhat difficult to define, 
partially due to the wide variabil4.ty in individual- thermal tolerance in relation to 
specific environmental conditions and work j)ract ices. * ^For purposes -of discussipn, tolerance 
limits may be defined as those extreme environmental conditions which produce no significant 
degradation of performance withiyin allowably period of time. The performance may be 
measured in physical, mental, physiological, <Jt other appropriate' quantifiable terms and 
evaluated with respect to environmental conditipps. Thufii, tHe . environmental limits are 
"tolerable" both with Respect to the workers demoi^trated physiological strain and an 
acceptable level of performance or productivity. Of concern, of course, is the political 
necessity to recognize worker acceptability ^s a 'ao4ifying variable. Hopefully^ however, 
scientific guidance as to possible solutions will remain u^^^sed by political consider- 
ations, at least initially. # 
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Seme of the problens related td utilization of comfort scales are illii8trate<f by the^ 
following examples. It is interesting 'that*the temperature which man rates as comfo^tabl 
has risen about 5.5 (10 *^F) in the 'last 60 years of documented comfort research (5), 
JThlB trend, has been associated with increased body size, reduction in "standard" clothing 
vofn in ihdoor environments as well as to differences in comfort assessment techniques 
It is als.o possible that adaptive trends have played a role, i.e., brought about by'd*" 
living patterns and better heating and cooling syst€&ns, including control systems. It 
beci^ demons t rat ed^nthat subjects at rest who were studied^.during a one hour exposure at \ 
23»3 *C (74 *F) effective temperature following an environmental antecedent exposure at 6Q 
or 90 FET gave similar comfort scale ratings within the first houV .following exposure (6) w 
Thus, ffhort term antecedent temperature history was deemed of no consequence* ' Antecedent « 
exposures of longer duration or in hotter or colder environments were not utilized nor* . \ 
were the effects'* of a 25 yard walk or a toilet stop evaluated. The latter occurred between^ 
the antecedent exposure. and the exposure of record and, of course, involved undoctimented 
thermal transients. ^ » _ * . ^ 

AjJ evaluation of student performance in three air-conditionMH^ool\^comp9red with 
stiident performance in three ntm-airconditioned schools provided ^SpE^ected results. ,The 
stxideats within the climate controllecf schools showed a significant reduction in classroom 
performance with lower temperatures (p<0.01). The range in conditions studied was only , 
2-3 *F and in the vicinity ^f 7*4 *F. The students at ^th6 non-climate controlled schools 
shoved no significant correlation between 'performance, 'even within an 8-10 *F rapge ^ 
etrvirdnaental conditions, and environmental temperature. Fiirther,' the studentB ittvthe 
non-climate controlled schools gave predominantly "neutral" thermal comfort ratings over a 
wider temperature range t)ian students in the climate controlled schools (7). The impli'^tion, 
is that the students Wthe schools with no temperature control did ^ well as those with^v 
relatively precise temperature control within the temperature ranges studied. Perhaps 
prior thermal acclimation was responsible for the rating of neutral to the wider range *of 
environments. / ' • * / • ' 

When the metabolic rate -is high and mental involvement intense, ready acceptfoice of 
cool environmental conditions is possible, e.^., a lightly clothed basketball player 
(approximately 0.13 clo) will tolerate a cool environment ^5 'C (60 ''F) whether on the ' • 
court or on the benclu^ven with a' tenfold difference in metabolism. The mental involvement 
^wlth the contest overwhelms the comfort or thermal sensation evaluating mechanisms. The 
player may be sweating profusely when he begins to rest and cool rapidly but not notice 
becau^ of the competition. It is only with a break in the action_that percepfJ*^ of the 
thermal conditions^of the environment return and protective ^clothing is donned* Even then 
an assistant may have to remind him by^ handing him a sweatshirt or jackeT to put on. . ' 

The examples illustrate that comfort rating or thermal sensation rating is imprecise ^ 
at best, particularly when related to performance criteria. Thus, "it is proposed Cbat the 
literature be re^tudfed^'and that new experiments be designed to utilize the tolez^a^e/ 
productivity concept wfth a view toward total design of buildings and facilities to include 
major* consideration of energy conservation principles. 

If it is^true that^tnan ' s range of adaptability, to thermal changes may be reduced^by 
.llaiting^exposure to environmental swings through utilization of modem HVAC systems, suih 
utilization may be counterprqductive. Consideration of the present trends in. energy cost^ 
and the requirement for e^ergjr savings makes it mandatory .to attempt to extend "the- ran^e 
of man's limits rather thtm shorten them. * 

The tolerafice limits fop acceptable human performance and productivity are poorly ^ ^ . 
understood althou^ some experimentation has been recently performed (8). Comfort ^,t lower 
t indoor temperatures, 15-20 *C (^0-68 *F0, may be enhanced by selection of ' appropriate 
clothing with insulation values in the range of 0.5 to 2.0 clo depending on the quantity 
.-•of metabolic hedt generation by the requirements of the job. .The critical body parts are 

the hands if manual tiext^^erity is' important to preserve. Tffe acceptable environmental 
^ Halts become a function of ail the factors that were pointed out in T^ble 1 plus acclima- 
tion, adaptation which includes familiarization, and york rest iBchedules that favQr 
maintenance ^of acceptable performance. It is confceivable'thafc studies of behavioral 
modification, such as aceommodation" to reduce temperati^es in the h^e,» may reveal positive 
correlations, i.e., in t\\±8 instance acceptance of cooler -conditions in the work pJLace« 

The range in "tolerance in relation to t^e ASHRAE thermal comfort envelope is illus- 
/ trated in Figure 1. The atbi^rary tolerance limit at the cool end was established using the 
'criteria of maintenance of acceptable hand-finger- dexterity. The arbitrary tolerance limit 
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at the hot end (see reference 9) was based on the wearing of a minimum of socially accept- 
able clothing, while perf orming^'a job requiring 3 Mets'of metabolism and where sweating 
would not be objectionable either to ^Jie worker or fellow employees. The limits constitute 
an example based on cursory perusal of the literature and not specific job-related experi- 
mental evidence. v » ' * 



Figure 1. 
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Thus, the'^purpose for .which a building, or work space will be used becomes all important 
for consideration in the'design process. Accurate definition of^ purpose requires thorough 
knowledge of the job and the worker's interactions with his equipment as well as the 
environment within which the work will ,be performed/ To gain insist into acceptable 
design criteria,^ it will be necessary to conduct, a variety of thermal tolerance/productivity 
types of studies ia suitable laboratories or accepCfeble work places that can serve as 
laboratory substitutes. One needed type of experiment would be study of the >^nd-fiQger 
dexterity problem in cool environments for a commonplace job such ^s typing. Conceivably, _ 
one could start ,th^e experiments at the cool end of the scale using skilled typists 
working on difficult typing projects at temperatures around 10 *C (50 *F) ^ Various type,s 
of heating pr air-conditioning could be employed, clothing fcould be modified,, and the 
work-rest ^hedule altered.* Environmental temperature increments of about 2.5 _*C could be 

lized to cover the temperature r^ng^e of interest. The experimental periods- should be 
lon^N^ough to facilitate discrimination ttetweep accepted differences in productivity, 

l^S^^r type of experiment would involve utilization^ of ramp changes in envirqnmental 
conditions>^th environmental control modified by thejwprker. Using the' example of the 
typist, the enH;;onment in which the typist was working could be cooled at a rate of about 
5 *C/hour. The ty^H^ could warm the environment by changing a -convenient control setting. 
The typing task would^b^i^eal and require* sustained^ concentration^ Perception of the 
environment ,would be me^suft^ by the frequency and extenf of environmental contrql manipu- 
lation. Variation of this exjj^qjiment' could .include provision of graded clothing layers tro 
substitute for' environmental confcoql, use of a small ayxilliary heather, use of a sham - 
Environmental control system, or usfltsg^ramp ch^ges involving different slopes. The list 
of possible^ experiments could be 'quite lengthy, but the point^is that^ these tyj)es of 

thermal comfort and 



experimentation should be performed to 'compjjement our knowledge of 



sensation* 



Considerable energy savings can be realised if the controlled, environment^ is allowed 
to fluctuate within tolerable limits while responding to ambient variations. It is 
, acknowledge 'that. most present syst;ems. are neither designed or capable of sensing ambient 
vconditions far enough in advance or appropriately to affect accurate control\changes, 
knowing the'heat storage and exchange characterlst^ics of the btiilding or work space. ^ 
While desigt^fb^f heating, and air-conditioning systems should in the future consider 



a^eptablEe toler 
en^lt onmen t alj sy £ 



ce/Jjroductivitv criteria, *it would be inadequate and unjust to design 

meet ne*r survival limits. Long-range acceptance of more sparta'n 
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conditions than we are curiently accuatomed to will und'oiibtedly require pertinent education 
programs for the affected workers that are based on some scientific input. Thus," both 
comfort thermal sensation criteria as well as tolerance/productivity criteria may well 
have to be considered to develop more realistic environmental designs. , The acceptable 
Interactions among criteria remain to be determined. Thus, we currently disagree with 
R. Nevins, (10) our departed colleague and one of those who has contributed substantially 
to the literature on thermal comfort, that "there is no spartan virtue in b^ng uncomfort- 
able. Indeed, it is believed reasonable, but difficult to prove, that people perform 
, better, learn better, jand accomplish more .when comfortable rather than when too cool or 

too warm." The definition o^"too cool" and "too warm" should be redetermiited^tilizing 
t<^erance/productivity criteria. The ASHRAE thermal comfort Envelope 'should be expanded 
ana a variety of thermal envelopes cqns true ted based on our knowledge of the complex of 
* personnel, job, and environmental interactions., • 
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' ^ ^ ABSTRACT 

This paper describes the establishment in Africa of a major research project whose 
aim is to quantify the effects on product(yl5y of heat and cold stress in ^factory 
buildings. The intention is to provide design criteria for the intermediate levels of 
tJJermal stress - beyond comfort but not involving^ any risk to, health - which are likely 
to occ\ir in the, industrialiW^oJ^ developing countries with warm climates and limited 
resotirces. The' background tfS the project is given, and relevant published work is " 
summfiCrized. On-site simul5;tion of industrial work in a mobile olimate chamber was choseif 
* in preference ta -coni^enti^nal field or laboratory. studies, ^e development and 
construction of. th# mobile climate laboratory,, including th^, performance testing equipment, , 
-is described* The c\irrently proceeding re^eairch program is^'giWn. It is suggested that the 
^^ratiOnale and methods of this project are appropriate for energy conservation research 

-elsewhere.' ^ . , ' * ' ^ ^ 

INH^RODUCTION V.1 

\ ' • - • - > - 

\ The main function of any building is to transform the outdoor climate to an indoor 
ciimate that promotes tlMPOiuman activities it contains. Criteria derived from 1<hese 
f~ \ activities should ther^re be used to optimize the design of the bUildinA and'to Justify ^ 
the allocation of reso\irces for its construction and operation. VHiere resdxirces are 
limited, the criteria must be »hard*, not'based on preference, but obJectj;/e, 
de^nstrably relevant to the stated purpose of the enterprise , >iand quantitative. Such 
criteria are difficult to define, for some categories of buildings, notably for dwellings. 
It is\usually assumed in the case of dwellings that comfort criteria fulfil^^-the above ^ . 
requirements. Comfort may perhaps be defined as a necessary criterion for the indoor 
climatd of dwellings i particularly when adequate resom^es ,^e available, but it is 
surely l&ot sufficient criterion; eVen in dwelli'fegs other criteria c&n be derived, more 
• *^ relevaftSyto the purposes of the hvmiaj;/ activities performed there, and more ^objective than * 
,^those 6f\comfort. In a factory building, ^whose purpose is to increase production, comfort 
" ' S'i^eria* We neither necessary nor sufficient. Besovirce allocation must be guided by 

^criteria Of productivity. This is 'especially ^rMe in developing countries, and in countries 

• with a str^bful climate, It^s,^especiay.y true in Africa. * < \ ' ' * 

Africa has embarked upon a course of industrialisation,. Every African country now 
velcCmes foreign investment'' and establishment of new in^cSstri^s . Countless new ^ 
factory buildings will be greeted In the near futiire, many of them /in hafsh climates'- , 

• wh6re iio.such\building has exis^ted* before. Their viability depends upon correct resource 

s allocation.. If environmental standards are set tmrealistically high'^ the fact9ry building' 

.and its service^ would use too big a ^roportioA of the available resoxirces, ana may be 
' built elsewhere*^ If standards are set_too low, product ij^ty tfoay be so adversely affected 

that the enterprise will fail. This miy occur even if ii^[^mum stq^dards that safeguard' - 
^ health are*strict\Ly observed. A ratipn^ allocation of res^oiirces/requires that 

-environmental standards, should J)e set iJetVeea these two extremes ^ It is not a technical 
l)roblem; buildinfes\ can easily be desired \o provide the requiyei conditions , eiiAier - 
passively, as when a massive building structiire is used to redugfeUhe extremes of an arid • 
• . climate or, actively* when conventional heating or cooling equipme^ Is. installed. The 

' * \ * ^ ^ «i ' ' ' * * 
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^l^roblem lies in determining the rettinl^ for providTng such design features, and thus 
^fincreasing the cost heypnd that of a ba\^c shell construction. In mp9t factories the^.. 
lioduct ion machinery is designed to operate weli^eyond the jclixaatic extremes likely to 
be» encountered, Only^ in rather special ca&es can climatic control he justified, for 
nifechine or product. Examples are" where com]JHting machinery and food prodviction require 
speci'fic temperatures,^ wefaving requires con'^ro;U.ed humidity, knd electronic assembly requires 
a .dust ifred. atmosphere. Jn most cases the r^t^'s to he exp^c^ed are in terms^of the 
effects, upon human efficiency, and there^re \^porl\jproductivity. Criteria derived from a 
st^dy^of these effects are therefore urgently required for the industrialization of Africa. 

- . - ' * THERMAL dfolTIONS IN FACTORY BUILDINGS • 

. This paper is concerned with the derivation of criteria for optimizing thermal • 
conditions in factory huildings, i.e., with the comfort and moderate stress region. » 
It -does not deal with limiliing criteria fpr extreme thermal stress. Hazardous exposure 
^Z- ^^^^ or cold occurs only in hot or cold process industries for which special 

studies mu^t he made in each case to determine the trade-off available hetween process and 
operator safety and efficiency. The only exception is where heavy manual work is to he 
perfprmed under what would otherwise he only moderate heat stress. In this case* the work 
itself usually contributes the^Jor heat Itoad, the criteria appropriate are those of 
thermal physiology, and a solution is available in increased mechanization of the task-. 
In the vast 'majority of factory huildings, thermal conditions for light manual work are no 
more than moderately stressful; the critefria appropriate tire those of comfort and 
productivity, and, improvements can only be achieved. by increasii^''the cdst of the building 
•and its se^*vices. * ^ 



^ PUBLISHED WORK- \ ' 

An assessment of published work relevant to"" the optimization of thermal (Conditions in 
factories was recently ^made by the present author .TlJ. In -view of its limite 
circulation, a short .summary of the conclusions will' be given bere. 

1. Thermal conditions providing optimum comfort ^may not give^'rise to m^jAum 
efficiency , In^an experirfent by Pepler and *Warher [2]., normally clothed youH^ 
American subjects performed mental work at different temperatures.- "They were most 

•bomfortable at 2T*^C; at which temperature "they "Scert^d least efforU^and perltirraed least 
work. They performed most work at 20**C, eO-though most of t"hesi felt upcomfbJ^ably cold 
at this temperature, ,^ - * * "* ' 

2. The effects of heat stress on human ^f^jfencys^'are not linear . In the* above 

* experiment, rate of working showed a mininrum at^^®(?r ei^hough naturally it,woul4 have 
declined below^Jbhis value in extreme cold, or heat.'- A^ similar revei*salSj[P the effects of * 
moderate heat stress or^errformance was demonstrated by Wilkinson, Fox. et. al. [3] under 
conditions of controlled hyperthermia, and also- by^on [I*} in a_ simulation experiment' 
with Swedish school children. No. correspondj^ng data: ari .available for cold- stress 
Majiual dexterity has usually been found to decrease monotonically if not* li nearly \ 
stress, but Clarke et. al^[5] have shown that musciilar-strength.in^reases.to a 
in mo derate CPld stress before declining at morA^extrem^ ^levels . These non-linear 
are in marked contrast to the orderly decline of comfort^ b|G.ow _and .above ^ maximum 

^ som6 optimum temperature. / ^ . . f~ * , 
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3. The above conclusions together invalidate the usual assumption that performance 
ef^ects^ can be deduced from studies of comfort alone ". Unfortunately, very few field 
I studies' of performance xmder moderate heat and cold, strjiiss have been reported, and there 
' are man^^ unknown factors involjf-ed^^ia the application of laboratory results. However, the 
fpllcr»jLng;conclusions are drEtm fr6m\the ic^ffllable evidence* ' '\ ^ , * . • 

- * " ' • • V • * . ^ * « * 

^> The critical temperature for\erformance lies^ at about 30°C f of normal hiww^<i-tt.y 
^ levels . This conclusion was reached by Pepler, [6], citing, studies made in. yeaving^sheds 
and coal min^s by the Industrial Fatigue Rese'^ch Board in Eiigland" oyer- 50 years ago. 
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* 5. Accident rates are lovest at 20^C, Increasing by over 30^ belov 12^C and above C 
[7]. This study was carried out in ^three munitions factoi^ies, over periods of 6, 9 and 12 
t"**^ months, by the Industrial Fatigue Research Board (see figure 1'). • ' ^ " ^ 

6, Moderate heat stress has an adverse eTi^ect upon the accide nt rate for men, but a 
. much smaller effect on vom'en . Accident rates were closely similar for men and. women at and 

1^ ^ * below the- optimum- temperature, suggesting that the difference w^s no% due to •differences in 
the tasks performed'by each sex. This conclu^on'" derives from the atove study of munitibns 
* ' factories, and the effect is clearly apparent in figure 1. . . 

7. Moderafe heat stress and fatigue interact to increase accidents . ^This conclusion is 
derived from studies by Vernon [7] of 18,U55 Eiglish'coal miners at work. Figure 2 shows / 
clearly how accl^nts increased with the number of hours worked in^a shift, 'but progressively 
more rapidly at t^i^^^ratures of '18, 25 and 28°C. ^ ^ . . \ 

' *^ 

* 8. Moderate heat stress increases the dependence of accident % iquency upon age. This 

conclusion is again. derived from the studies ^Vernon and his colleagues [7J of coal face 
workers over a i*-year period. Figure 3 showsKhat age was barely a factor in accident 



causation below 21°C, while increasing the re^^tive accidfent frequency by up to UQ^ for 
older men above 21°(?. . ' . . ' , 

' * 9* Performance of simulated wogk is worse ft lO^C than at 17^C, and wor se at 2^^C than 
at 20^C . These conclusions are drawn by Pepler [6], from the Industrial F.atigue Research 
Board experiment^ , and by Wyon [8], from .the New York State Commission on Ventilation Report 
[9] resuectively. Note the ^xceUent correspondence of these performance data with the field 
accident^ata. Both experiments were carried out undej^eali^c working conditions, subjects 
worki-ng a' ful> eight-hour day for several weeks. ^-^^ - . ' • ' - 

10. Laboratory tests of rapid skilled arm movement indicate pe rformance decrement at 

1 1 3^0 and 29^C. below the^lfevel achieved at 21°C . A further and more marked dccremertt takes 

iUce-between 29°C and 38°q, according to the result obtained by Teichner and Wehrkamp jl Oj. 
Agatu, the^ correspondence with field accident data is good. Similar results were obtaineH by 
Pepler [ll] with heat-acclimatized Euro'i)eans living^ in Singapore, although the optimum ^ \ 

, temperature in this case appeared to be at .least 5°C hi^er than, the expected influence of 
the reported differences in clothing, humidity and air^yelocity between the experiments. 

V ' It is possible that this difference represents the effect of*^eat acclimatization., j 

11. Physiological .studies imply substantial sex and race gr oup differences in the effects 1 
of moderatT'cold stress on manual dexterity . Wyndham et. al. [12] found that black males 1 
showed greater peripheral vaso-constriction than wj^ite males in moderate, but not in extreme 
cold stress. Numerous studies indicate that manual dexterity is a function of hand skin 
temperature, but as ndWdirect perfc^rmance studies are available and the phy^olo^cal studies 
were carried out on nude, inactive subjects, not quantitative estimates of group Hi fferences 

in performance in the cold tian be made^ Wyndham et. al. [l3] found that black miles tole^ed 
heat stress better than white .males unless both groups were^ artificially acclimatized, and ^ 
'there is similar evidence (V^srndhaii et. al. [li*], [15], Fox et. al. [l6])that female tolerance 
of both heat and cold stress is lower than that of males. Only in the case of cold stre^^^^^^ 
however, ,can thesfe group differences be. confidently expected to i>rod\^e differences^ in 
jperformance. ' * . » 1 ' I . - ' *" 



12. Heat ''and noisj^ stress act on performance in similar ways and can be expeci'ed to 
interact . The maia evidence for this conclusion (Buijsiiy [0-73 » Hockey [18J ) has recently 
\)een criticized by:Poulton [19]. However/ V^^e^c® ^^r duch an interaction may also.be 
derived from Vittfles and Smith (20]. •Signifi&ant effects of heat stress on performanqe can 
^ ^* be shown to have occurred a^ 72 and 90 dB, butjttot, atj 80 jdB, in the datd piibiished by these 
workers. This suggests a complex, non-linear inteTaclbiori of noise and heat stress* ^ 

The above inclusions are subject to the specialj conditions under which each study wasT 
carried out - i*e., the field studifes must be considered specific to the particxilar industry, 
country' and* historical period iii which they were c^^ed out, and the laboratory 'studies - 
were of short duration, with •an artificially hi'gh levil of motivation, 'and subjects who 
were hi'ghl^ selected fit young meiu^usually students 'tjr gervicemen. Their validity for 
factory building design cannot be'^sumed without verj[fication, but they^e indicative of 
Q ~ the dperativeii^ctors* ' . j ' * . 



THE PRETORIA EXPERIMENT^ 

BACKGROUND , \ . \ 

» » •* ' ^ ♦ 

' The National Building Research Instit.ute (NBRI) in Pretoria^. South Africa, is engaged 
in studies of factory building design for African clim^ic conditions. The influence of ^^^^ 
various design featju^es on the resultant indoor thermal conditions is being, studied in a ' ' 
number of differerttclimatic zones (van Straaten and Wenzal^ [21]). The building physics 
involved is relatively well understood (van Straaten * [22] ) . In 197^, 1;he present author 
was invited by NBRP to initiate a fur.t)ier a^ect of thia project tO' provide criteria for 
thermal effects- upon ^oductivity, without ifhich cost/benefit analyses of factory building 
design* alternatives could not *be <rarried out. Research proposals based upoh the aboVe ' 
assessment of published work were made and construction of the experimental f^ilities 
began in 1975* ---^e work has' begun and* is scheduled to continue qver -a peViqa.of several ^ 
years.' ^ ' ^ " -It^ ' : / • ' * ^ 

RESEARCH STRATEGY . ' {} • " ' ' ' 

The J^ifoS^ion requirement^ i3 for valid and quantitative estimates oi the effects of 
various attainable levels of- heat and cold^ stress upon product! vi^y , fdr ififljediate * \ 

• application in factory building design. The a^)Ove assessment of published work indica^tes 

* that long-term accident rate studied wouid#probably proVide the most valid anG reliable 
evidence for the existence of undesirable tiiermal effects at low levels of stress. HoWver, 
the time factor ahfi the requirement fior quantitative estimates of productivity decrements , 
eliminate this option, it is tru^e Ih&t mo^iern loss-control evaluatfon studies" ciirrently 
i|Ssvime* a fixed ratio between disabling injiiries, minor injuries' and "damage incident^ 

(J. : 50 : 500 is not uncomnon) feftd that thi^^. if valid, provides an attractive means of 
estimating this* aspect of productivity decremenjb from registered injury statistics.' fiowever, 
there is no general agreement, and certainly no conclusive evi^rice, as to the ratio or the 
cost of damage incidents.*/ Both. must be presumed to vary between industries and may, even * 
be functions of t'henffal stress. Tp.^study damage incidents di^-'ectly requires a very high 
- degree of co-operatiorr at allj^e^^s of factory m^agement, and i-s difficult*^ to carry out^ 
reliably even.within>--e«iilpar^T Numerous studies in different- industries would be^nece'ssary , 
and onlyone-ASpSct^ productivity decrement would be accessed.., © . 

In view at the n\mier6u^ operative factors indicated by the assessment of published 
work and the impossibility o'f controlling'a sufficient number. of them in the field, 
straight productivity studies are. Judged feasible only as. poi^t' validation of fijrm, ^ 
existing, quantitative hypotheses. Such hypotheses "cannot yet be put forward on the basis- ^ 
of published work. Conventional laboratory experiments ^e:&ve. mainly , ah exploratory, 
f unction, "sSd in view. of their short duration and artificial^ircum^tanc^ cannot bo* said".^ 
tp 'supply a sufficiently valid basis for suctp^othese^. jjp above assessmdfft of published 
worK.ampi^VjTttrfstxAtes the Complexity ^f thfe relationships and the numbef of factors 
involved^r .there seems little need to i>erform further explorsa^ory studies.. Only realistic ^ 
simulation studies, in which thfe-main factors knowyi to be operp.t^ve are strictly controlled 
' whil^ the i»ealism/of field workA^as far as i)ossib]js maintairf&d», Veeb able to fulfil the ^ 
information reqviirement. It wa^K^refor^ proposed that 'siTniaation studies should g|gvid^ 
^the link between laboratory and.^^ld, enabling subsequent" poii}t- validation studies^ be 

■f- ■ 



made in the field as. a final st 
EXPSRIMEN'SAL DESIGN 7". . * 




Groups of 
under Icontirolled 

thermal stress, ^ 
subjects will be volunteer industrial workeijs, ^and the exposures Vill take'^).&ce on the- 
facito^ sAt^ wher,e they work.' However, the need for a^controllefti thermal environment ^ ^ 
necessitates that they^^work that day in a mqbife climate chamber. They will change* into . 
standard xclothing and footvear/liypical 'for- thfe induitry and time of year. The simulat^- . 
work will consist of set,>asks performed in rotation during the ^ exposure , each designed^ ^ 
to represBnt some component skill directly relevant t9* industrial, work. In -sub sequent ^^^^ 
application of the results to a^peclXic work situation, the component dkills^pritical for 
productivity in heat and coid stres^ will be J.dentifi^d. The tasks were choserx. to provide 



» 



direct;ly a small nmber of simple and. vell-defined measures, usually of Vork-rate and 
percentage error. The regist^ration of these measxires is automated where this is feasible. 
Some have been used before in the assessment of thermal, effects, some have been -used In 
other connections, and some are nev. Complef, multi-skiI3^d tasks have been avoided, and 
they are all sufficiently simple to be learned qiiite qiiickiy. Skin temperatures and heart 
rates are monitored. Thermal comfort assessments are recorded continuously from dial voting 
equipment. The mdin factors in the experiments a;-e temperature, sex, ethnic and regional 
differences in acclimatization. In a reduced parallel series, the influence of clothing 
and activity on heart rate, skin tennperature , sv6at rate and thermal comf'ort are to be 
assessed under otherwise identical conditions, but in repeated measiires (vitnm groups) 
design. 



TH2 N3RI MOBILS QLIMAT5 LABefiATORY" 



CLD4ATS CHAMBER 



The mobile climate laboratory consists of* tvo double-axle ceiravans, each 8 m long, 
3 m vide and 3 m high. These are parked 0.$ m apart and linked together on site. Figure ^ 

, shovs the plan and section of these caravans. ' The climate chamber unit veighs 2500 kg, 
and contains a 6.5 x 2.T m exposure chamber, an air lock (ent:*y lobby) and a toilet/ 
vashroom.' The service unit^ veighs 3500 kg and contains a plar.t room vith the air 

r conditio^iing machinery, arid a control room for the. in^tnssentation. Within the control - 
lx>om is a darkened observation booth, providing a one-vay "/iev through a haif-silv^red 
screen to the climate chamber. The screen is mounted^ as a vindov in the middle of the long 
side of the climate chamber, immediately opposite ^he observation booth vindov. A light- 
tight beilovs is mounted between the caravans to exclude dayli^t from these vindovs. 

Flexible ins'olated air ducts are mounted betveen the ceiravans at roof level ^f or suDoly 
and return air from the air-conditioning plant. Supply air at controlled temperature and 
'hxnidity parses thrc:igh one flexible duct to a ceiling plenum, entering the climate chamber 
throu^ a perforated metal ceiling. Tljis ensures a lov entry velocity and even distribution 
over the entire floor area. Up to 60 air changes jer hour can he supplied by the variable 
speed main circulation fan, of vhich TO-roO? is recirculated. The climate chambe:^ is * ' . 
maintained at positive pressure, and controlled leakage through the door maintains the air- 
lock, at a similar, temper at iire\ The toilet is maintained at a negative pressure by a separate 
e^diaus^ fan venting' to outside air. Return air from the climate chamber is dravn up >ehind 
hollov metal vails to a duct extending right around the chamber above the ceiling, connected 
through the other flexible duct to the plant aroom air ijitake. 

Polystyrene insulation 0.05 m thick is mounted directly inside the external metal skin 
''of the caravan vails and roo*r^ vapor-sealed on the inside surface. Local heat loss or 
gain throu^ this small amount of insulation due to strong sun or vind is removed by the 
exhaust air and taken up by the air conditioning plant, vhile the ho>lov metal vails remains 
at^ the- intended temperature. Thermal radiation errors are thus effectively eliminated 
without either massive vails or prohibitively thick insulation. Tvo further advantages of 
this li^tveight 'hypocaust* construction are that the ^time constant of the clilnate chamber 
is very lov, and the acoustics are" exceptionally good. There are no rigid connections 
,betveen the caravans / apd hence no vibration is .transmitted ft»om the* plant room. ' 

IHSTALLATIONS 

The air-conditioning system vas designed by the^Ntftional Mechanical Engineering 
Institlttft (NMKRI), Pretoria, and supplied \sy Bronsair (Pty) Ltd. It is simple over-cooled, 
o-^^r^-dehumidified system. IVo compressors ^ransf^* reject heat to air-cooled dgndensers 
vith variable ^speed fans. The return air from the climate' chamber is mixed vith a manually- 
<set 0-30? proportion of fresji air, filtered, and dravn over a series/parallel arr&igemeat of 
direct expansion cooling coils providing five manually selected level^ of cooling effect, 
, This ensures that the temperatiire and moisture Content are r^uced to belov the required 
'levels* It is then blovn past thyristorrcontroll^d electrical elements providing 0-15 kVA 
* of proportionally-controlled heating*effect vith a ra^id response. Steam is subsequently 
^ded at atmospheric pres^re from an 8 kVA electroiy;tic boiler vith proportional output. 

s,^e^eratizre and humidity sensors for the proportional control units are located tn the 
e^qjosUrSN^amber. A sample of air 3Crom ceilring heigtA is dravn across them by means of a 
sisall fan ,> thus ensuring* a rapid response. This vas found to vork veil at high tei25)eratiare8. 

• « 
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Plar. and Section of the Mobile Climate Laboratory Described in the Text, Housed 
in Two Caravans, National Building Ren^arch Institute, Pretoria. 
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stability* prcJblems occiHred only when very cold air was to be supplied to the chamber, 
as the time co^staat of the feed-back circuit was 'slightly increased by the altered air-flow 
pattern. In this case a variable pi^p^rtion of air taken directly from .the ceiling plenum 
• is added, to the control san^jle. This simple 'quickening' of the fee^-back circuit has been 
found to restore stable operation jtrithout introducing measiirable bias to the resulting set- 
point temperature or hiimidity. Temperature control stable withip + O^^C is routinely 
acTiieveii over tho range 6-U0°C, and variations between different points in the ch^ber are 
^belov Q-S^C, Humidity control to ;^ithin 1% relative humidity in the range 20-70? is 
achieved between 15 'and^5°C. ' ^^stem' limitations reduce the maximum relative humidity 
^attainable to 30% at UO^CT, and increase the minimum to 50? at 6®C. Air velocity in the 
climate chamber is below. 0.05 m/s, and globe temperatures are within 1°C of air temperature. 
!5ytistor-cor^rolled fluorescent tubes 3^ecessed into the ceiling pro-^de controlled lighting 
intensity trpm 0-1200 lux at working height. A remote control panei^ for the air-cohditioning 
plant is locat'ed in the control room. ' * ■ 

^POWER AND SUPPLY ON SITE l[ > ' ' 

^" > ' . . * ^ 

^ The mobile climate laboratory requires a ^maximum power supply of 30 kVA. This is ^ 
'proT^d o d - ^y. cabl Q from G. st^4ard 3-phase, 380 V factory outlet at each site. From this, * ' 
single-phase 220 V power supplies are provided in both caravans, together with 1 kVA of 
stabilized 220 V for sensitive instrumentation. If the laboratory to be used where no 
^ 380- V supply is available, a standard diesel generating set will be hired by the week. These 
are readily available from local builders* plant-hire firms. Water must be supplied by 
1-inch hose for the steam generator and washroom. - — ~ — 



.TOV VmiCLS AlW CARAVAN rTTTINGS ' ' " • 

* ' • 

J The caravans are towed, one at a time, by an International V-8 2-ton truck with hard 
>ano^. This is fitted as a 10-s,e5t .bus and equipped' with g4s rings and refrigerator for\^ 
food preparation and storage, and a folding l^ble. This serves as a staff room. Subjects) 
.^change in a large tent expending along the whole of the exposed side of the climate-chambeir 
caravan, enclosing the door and serving also as an entrance lobby. Solar heat gain to thd 
climate chamber is thereby reduced. A sun canopy is likewise f^-tted to the exposed side /of 
*tlle service caravan. An intercom links tow vehicle, changing room, entrance lobby, clim4te 
chamber, plant room and observation rocta to the control room, and a hand-set pair between 
observation room and climate- chamber enables experimenters to communicate confidential!^ 
^\jring an exposure. Up to 12 work surfaces, 0.9 x O.U eq^ can be, suspended from the walls of 
the climate chamber as*required, and adjusted individually to the correc^b height for e^ch 
^seated or ^standing subject. Metal cable ducts run along each wall, well se^Jarated fro^ the 
power sxipply circuit, taking ^signal cables frpm each such work-station to a cable box 'at one 
corner. A canvas cable di/ct i\ mounted between the caravans to enclose cable ports iA the 
cable box and the control room. Signal cables are extended through the duct to the control 
room on 3i±e to connect with instrumentation, and are withcJraSm to the cable box in transit. 
Asmotor-driven beltS^ith variable speed and gradient can be installed tran^rsely at one^ 
end of the climate chamber for controlled exercise. The control room is ^SfitedTwi-th work 
surfaces, cupboards and drawers for storage, and a standard 3.5 kVA room air-conditioner. 
The observation room is similarly fitted and is positive-pressure ventilated with conditioned 
Air from the control room.. A small .work bench for redairs is fitted in the^plant room. 



INSTRUMENTAT ION , ' \ -J- 



COMPITTER SYSTEM 



Data requisition is based c?h a l6 kbyte desk computer (Hewlett-Package 9830). in the 
• control room. This unit has a hard-vi red -BASIC compiler and peripheral control unit, and is. 
thvis equivalent to a conventional computer with at least* twice the memory and a software 
compiler and operating system.. It serves 11 peripheral units: printer, two magnetic tape 
s1)^tions, jpark-sehsfe c4rd reader^ paper-tape reader, scknnefr, digital voltmeter, calendar 
clock, telemetry receiver control, s^in temperature telemetry output and ECG telemetry 
output.* This sys-cem pei^forms most of the data acqilisition, processing and storage reqtiired 
^ • in the industrial experijnents^^It acquires physical and physiological data on-line, bu^no 
attempt has been made to acqi^ie l)uman perCqrmance data on-line. * This is primarily because 
. of the queuing problem - two or mor^. subjects' may' respond at the same tiwe, requiring a 

Q ' • ' ' ' ' * 183 ^ ^ * . * 
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computer yevorui unless of magnitude faster, and thus more expensive. However, the diversity 
of the perTorinance te4ting equipment, 'and the n'eed to retain flexibility of choice and test 
sequence, 'and the ir.h4'ent unpredictability of working with .several subjects at-once, 
greatly increase the d|.*fficulty and expanse of on-line data" acquisition. Instead, each 
performance testing unit is' independent . 

PH^C'SICAL DA^ LOGGER i • , • / , . 
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Temperature nTeasuifeiTient to an accuracy of O.l^'Q is achieved using thermocouples with 
a heated reference Junction at Ui+^C. Measurements are initiated by the computer under | 
program control sele|:ting one of*To cnannels on the scanner. The sequence is paced by th^ 
calendar clock, but the| computer has ' randor^.acl:ess ' , i . e . ,can jielect Channels in any order^ 
aild^re^eat measureraentsi i f t^Hey fall outside preset guard ^lues. The me^^uFement^ is |iade | 
by .t^^^" digJtAl voltmptel with microvolt resolution, and tnansmitted to the'*;coraputer . ^ ^ ; 
ConvtiB'^or.- to a calibrated terr.peratui^e^ value is ther> performed by the progi^, the » 
measurement is repeatedfif necessary P^<i "he value stored'on magneti-c tape^j ^ Measurement, 
usually takes place' at .Joout 2 channels;^per second, with a scan at 5 minutelintervals . 
"um'^'i^V IS th^n r.easursid in t|ie same way using a heatej lithium chloride s^insor. 

J • . ' • ' ' . I 

Subjects register t$iei-r sensaLiOns '^of Lherr.al confort by adjusting a di4l vo/ing , . 
apparat-us (Vyon et. alTliSj). Each subject is provided with a 270° dial resembling a 
tiiermo^t^, but*-nearing |' thermal comfor.t scale with three 90° iones marked '|oo cold'-, - 

confc^rta^i^ ana Hoo :4t'» . They ai'e' asked to set the pointer repeatedly ' so i that .it ^-Iways 
represents th^ir thermal Isen'sation dyri^g .the exposure. The dial can be connected to j 
sockets at.eacn work station. Up, to Six dials can presently be identified by 1th e computer, 
vhich regi^ter^' the poin4er settings at reg^olar intervals as a percentage of fUlls^^e, 
usin^ a sinpi^ bridge cii|®uit and' individual calibration equations for eac}yii^l|^h,e 
computer lights a warning light in the climat^e chamber if any dial is d3^p<?nne(it^dMiiring 



quence. jDial facia bearing the labelling in any of the six mo^ ,us\:^pl 
th Airricfe can quickly be fitted to each dial iinit . , ^' / \' /'.^ 



a measurer.ent seque: 
lirnguages of Sou' 

COMPUTER CONTROL OF CLIi^ TE CHAMBER TSMPSRATUHS " . \ j \ 

: * ^ ^ - • W 

in order to be able to expose subjects to simulated diurnal temperature chgn^es in^ the' 
climale ^chamber, provision has been made for computer control of the climate a^ajnber - . 
temperature. Under steady-state operation^ the control circuits are completely independent 
of the compiiter/^owever, a .simpl'e link may be established by switching in a mo^or-driven 
multiturn' resistor in place of the normal set-point using the scanner /elays . A\sequeYice of 
set-point values is entered to the computer memory for execution at set interval4, spaced ^ 
the calendar clock. Adjustment at five minute intervals has Wen found satisfactory, and 
an arbitrary, temperature curve within the, capacify of^the plant can be achieve'd v^ith full 
0.1°C accuracy. " . . ' . ' * 4 ■ ' x ^ 

* • ■ ^ ' - - /■ r 

PHYSIOLOGICAL DATA^LOGGER ^ • / * . / x 

ECG^afi'd'four skin ,temper,atures can be acquired from each, of fo0r subjects by^telemet'ry ^ 
with a r^ge of 500 m,* This is primari^ly intended for field studies, but, greatly ^simplifies 
data acquisition in the climate chamber by ensuring .that the data is coatinuouslyjavailable 
to the computer even when subjects are moving between work* stations . Any one of * 

20 channels can be acce^ssed by the computer, one at a time. Thermistors with a^*si|andard 

calibration within 1^ /required accu^cy of 0.2^C are nised for skin temperature measurement . 
ECG is acquired by 'the computer as a^equence of inter-beat ^intervals with millisa:ond 
accuracy. The system is not yet fully operational. Sweat rate wi*!! be mea|||ped as a total 
body weight change, using a mechanical beam balandfe with an optie^ *scal^ and 5 gii» accuracy ; 
re^tiings vill be entered on mark-sense cards for computer compilation. 

PACK -UP' SYSTEMS ^ ' * ' \ ' \ ^ ' • 

Key Chamber temperatures and^humidity are recorded on a 0-50^0 sampling phartj recorder 
with cold-junction compensation, completely independent of the computer system.^ T|is record 
alsc% provides ^ visible reviev- oi* temperature tr;^ds,over a period of about^an ^ouJ{. Since. 



/ 



duct' temperatures and outside air temperature are also Included, this provides the operator 
with the information needed to run the plant correctly. The t'elemetrj^ receiver can operate 
under manual co^trjl, independently of the computer. Should these systems also fail, a * • 
hand-held electrical thermometer enables direct measurements of dry and wet-bulb'^air 
temperature, room surface And skih temperatur,es to be made with an accuracy of 0.1*^0. 

PERFORMANCE' TESTING EQUIPMENT * 

Performance tests are either scored manually, scored ^automatically onto counters or 
registered on paper tape fox; off-line analysis by the computer. JEn the first- tVp 'instances, 
the experimenter enters the ^core onto mark-sense cards pre-punq^ed vith^ session , subject 
time and t^t identificatioi^. After eaph session the ceCrda are read by the computer and thje 
scores autoinatically compild^d vith the physical and physiplogical data acquired by the • S 
computer during the relevant test. ^ The link is made by the time reference, as physical and 
physiological records are filed against time on the magnetic tape record. The following 
brief notes summarize each test and give references to their previous nise where appropriate.' 
^Unless otherwise* stated, timing is performed manually using a stop-watch. 

' COLD-SENSITIVE TASKS ^ COLD-SENSITIVE TASKS . ; ' 

'Tactual discrimination - 2 edges . A development of the V-test introduced by 



■^y xQ.yuua.x uxav;x-.Lm±iiaL ion - eages . A development of 
Mackw^th [2k] ^ eliminating^ the possibility of subject bias, 
or absence, of a gap between^ two edges i*,* 3, 2 or 1 ram apart^ 
The test" is serai-automatod and scored on counters. 



The subject,^feel£ 
using the pad of 



^the preserjce 
forefinger. 



2- Tactual discriminati on - raised letters and numbers . The subject f/els raised 
letters or numbers on the surface of a drum and checks against a printed li/t containing 
. discreparfcieg at random. The subjects' response^ are entered manually fro/ the list to the 
computer .for -scoring. This test appears not to haye been used in the colfy 

^' Finger dexterity - r olling movement* . The subject rolls a pencid-sized shaft as 
fast as possible between his fingers, against retardation at two level/of torqu^, 'Rotations 
are registered on* a counter. This is a development of a test found b/Hellstrdm [25] to be 
very sensitive t^ c^old. * 

-^^"Sg'-. dexterity - pep test . The subject picks-up three /mall pegs at once and ' 
""f "t"!^ °-And. 'tMs test is 

STof ^ ^l^-^'^ri^^^^^s the O'Connor ^eg test by Pa/ker and" Pleishm^ [26], 

out not as a cold-sensitive test. . \ / ^ l*^^Ji 

The subJeU str/ngs wooden blocks using a ' 
SSSa^''Sr?^^^^^^^'°' ^'^^ and^has^lso'been usir^g in the cold by 

~,^„^t f ""^ dexterif i f - knot tyinff. The. slibject tie/ the same knot repeatedly in 

' hv'^r"v' ^"'r^^l ^'"^ ¥ ^\aaydos [273, Gaydos and Dusek 

129J and by Clark and Cphen [30J, among 'others . \ * / \ 

. , Stpmf assembly task-^crew plate. Th\ subject \trarjsfers small nuts and bolts 

between holes in a steel ^late. The test tfas useUy Baddeley et. al. [ill to test the 

undervater^A simil^^^^^ Kay [32] in -the cSd. • 

-tran3v;rs fb£lf''ayiT^i:I^!!">v"''; "^f sub^^^ct^ inserts Lll pegs into 3=holes in each 
transverse ba^ of an; Intermittently advancing/ssembW line. \The speed of the line can be 

'^s'Lswifti'o ' ^ countej^ usinS microswLhes to detect the- number o'f 

bars passing with 0, 1, 2 or 3 pegs ins^te/. \ \ 



Skill diagnosis - tr ack tracin^^/ THp flnh^oofWr^o^^.. 
with a hand-hey\ probe. Once inserted/it cannot be withdrawn 
been traced. An\electronicf counter records the error sdpre as' 
with the ]^ate orUhe rear facia f^or/sL preset number of Lpeats 
described % Fleishman [33] and' by/arket and Fleishman [26] as 



/ * group of slSlls chkracteHsed by 
used in theMal exfleriuierlts. 
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low exact hand movements 
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track in a vertical plate 
itil the whole track has 
le total time in contact 

The task has been 
ihe best predictor for a 



but has apparently not been 



'lOl Skill diagnosis^ steadiness precision . -(The -subj-ect slowly inserts and withdraws^ 
a hand-held O,^ m probe into a narrow, tube to touch t\rget at the end without touching the 
sides. The error score is recorded as for the tracly-tracing task, w'a^ described by the same 
authors as a pr%dictor of a similar group oft skills involving slow exact arm n^^emenl?, and . 
*does no i appear to have been used in thermal experiments, * * > . 

' ^ lU Skill diagnosis - i^otary pursurt^ The'- subJ^ect-^-^rles t© maintain a hand-held prob§» 
on a'sjall target near the periphery of a rapidfy rotating gramophone-type turn-table. Time 
on target, is recorded on an el.ec^t.roni^; counter .during five 20 .sec. periods wit'h 10 sec. rest 
period^ between. The task was foun^ tp be sensitive to heat dn^d cold by Teichner and ^ 
Wehrkamp [lO]. - • \'> 



12^ gRill diagnosis 



xs^^toT Judgment s. The cubject controls the speed of 'a , rotating ^ 
sing a'""'^oy-3^tick' control l^er.-^ The err^i* score is' 



Lwg^'^.-^re-sjAt^^automatically timed work period. An 
>di[by Barker and.Fl^eishman [26]. 



pointer to]^ avoid moving obsta6lej 
recorded on. an electronic coi^rrte 
early version of .this task i& ^scr 

13., Grip strenj^h . The subject exerts maximxim force for a period of several seconds, 
using both hand and finger grips. PerfoUiance is recorded on a pa^er chart, c?learly .visible 
to the subjept to provide visual feed-batk' and encouragement. The . dynamometer uses a strain 
gauge assembly developed by NMERI to compensate for the mechan^ical ^advantage obtained by - 
applying the force at different 'pointTs oi the handle. * ^ ^ , 

/ I ' * 

lU. integrated task simulation - 3! choice serial reaction . ,The subject holds a metal 
prbbe and touches five small fcargets in ^ continuous random sequence given by a 5-laisp ^ 
'display/ Errors and serial reaction times are recorded. This task is described by Poulton 
i3k] an'd ha^ been' used extensively to measure the effects of heat, noiSe, loss of sleep, 
alcohol, etg. upon perse^^eranc'e and concentration. Two ^further aspects'have been added, to 
, measure 'aiming and 'vigilance respectively; responses initially missing ^^he target are 
• recorded, and the subject must^^reas a ijand-held .button to report brief, barely visible 
delays introduced at random to" -the display change. 'Data relevant to each response are 
i-ecofded on a paper-tape pu^ich. The test, simulates the skills using in typical work-bench 
, tasks. , 



\ Heat-s ensi*tive. tasks ' ' ' 

^ , , • 1 . • ^ 

"(Tasks ^T, 7,* 8, 12 and 1^; will also be usedj in the beat stress seri^sO 

* • • 
. 15.. Integrated task simulation - vigilance The*subjeet monitors a. central display 
consisting of a rotating pointer on la dial, land a peripheral display consi^ing of an array 

of-lights-^i-stribuled from-ojie-extr ek e t o - the other c iLJais^ylaualJlf i elA» _ JKM s is a 

^ . combination of the clock test' used bV Mackworth. D35] and the vigilance aspec\ of the task ^ 
' used "by Bursill* [1?]. Bot^ authors foun^ marked effects due to heat stress. J>ata relevant 
to each response or signai ^^^e recorded" on a paper-tape p\inch. The test simulates the work 
of, monitoring large' instrument panel si for process control "^^ "-"^ r.T.^-rfl+-ionfli . 



It is_ not yet operational^. 

16. Simvaated inspections.task -| card sorting . The subject inspects a matrix of 
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nmbers printed on each card, jr^jectifig those where any two of the numbers are the same. 
A paper and pencil version of the tes^ was found to be sensitive to moderate heat stress 
by Holmberg and Wyon [36-]. In 'the present versioii the te^t is automatically scored onto , 
counter s'^using magnetic labels on the itarget 'car^ir. * > ♦ i 

^ IJ. Simulated checklng'task ->card sgrtjng . ^The subject compares two T-digit numbers 
^on opposite sides of each card, rejecting those "wTiere the two numbers differ., _The task is^ 
scored as above. ' * \ I ' * 

18. • Memory Task . Subjects memorize a list of common words and must recognize them in 
a larger list /containing other words aslwell. - \^ 

^ \ * \ 

^ 19.' Simulated spot-welding. , The subject maniptdates a heavy but -counter-balanced 
welding caliper to close on, five targets! in a random sequence given by a 5-lamp display. 
Scoring is automatic onto electronic counters. The test measures perseverance in realistic 

V heavy precision task. It is not' yet operational. 



RESEARCH PROGRAM 



The experiments described above Wll be carried out during 1977 and 1978 by R Kok' 
= ^S^^;?^^ 'T^ °' '■"'t*^ "^^^ publi-shed in NBRI reports and in '•appropriate 

the niJSlf . '^^^ fheUile climate laboratory has-been commissioned! and 

the performance tests have been.v^idatW in -extensive pilot studiel as they bacame 
operational. A preliminaiv study of hedt and noise interaction is currently^ bein.?^ completed 
U3i9e 2l;0-.subjects. It is intended to .Wn^e changes ^n .hand skin teJeratHfe oc^uSing 
in response to various diuriial tpmperatuj^e changes, using th^ computer control of the climate 
f^?^«J^°'^''"'^^ described above. ^On k long-term basis,. the climate laboratoiy is seen 1 
a valuable resource for examining human V^pons* to the indoar e^ronment expected to occur • 
in proposed buildings of alternative desij^ 



RELEVANCE TO^ENERGY CONSERVATION 



1?"^ Pretoria unit was established -to provide valid and quantitative da^a on the effects 
J>t alternative factor building designs upon pVoduqtivity . The information requirement for - 
3^/°"^^!^"^"-'^*^''^ " effects-of alternative .energy conservation strategies " 

must be quantified in experiments that are sufficiently valid^d realistic to be accepted as 
p basis for important investment policy decisions* No new p/fnciples or. extreme levels of 
stress are involved. . Known principles derived from laboraTSi^^ studies must be applied to 
the -moderate stress region. Field studies Are de.sfrable, but would inevitably take much 
longer to perfonn.. If possible, Accident, loss control and productivity studies, should 
proceed an parallel, with simulation studies of tlie Pretoria type. . " - ^ . 

t • • • V . ■ . 
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CLOSING^ REMARKS 



'*1SUMMA^Y*Ap 

■ P. E. McNall ' 
Buildins Environmefit Division 
Nati^opal Bureau of Standards 
Waahington, D.C. 2023U. 



In thesQ few remarks I shall attempt to summarize the apparent needs for further re- 
se^ch qn^human response to the thei:mal enviroriAent which have ie en suggested by this 
symposium. In addition, comments will bie made concerning the priorfties of future research. 
Tho^p of high energy savings potently will be suggested as high prioifity items and will be 
tr^ted in that order. 

1» TimeT-temperature relations of excursions outside the presently accepted comfort 
limits . The use of building mass as a "thermal ^flywheel" can. save considerable 
energy, as well' as shift energy use periods. ,The effects on comfort and per- 
formance need quantification as conditions deviate beyond "comfort" limits, and' 
then are Restored at somfe later tine.* ' • 

-2. Clothing research . The immediate need is to identify and specify proper available 
clothirfe ensembles as functions of performance and comfort and to educate the 
public aS^to their availability. More long-range objectives would be to provide 
a technical base for thermal "labeling" -of clothing articles for the public,' as 
well as research into practical methods of adjust'ing the clo values of ensembles 
when worn in Variou%. environments, i . e . , *openiVg and closing vent fla^s. A study 
of the life cycle cost of utilizing clothing would ^sp be appjopqiate. Is it 
more economical of capital and* energy to wear more clothing and *^avl heating * ' 
energy? An cuiditional* area of study would involve examining finger dexterity ' ~ 
limits. Lowering temperatiires pd adding clothing might not be acceptable beyond 
a certain point because of tfci^ factor. , , 

». ^ * 

3. Spot heating and cooling limits . The use of localized heatings and cooling" in 

building environments, -particularly for industrial applications, ^has potential for 

* . large;savings in energy. The acceptability of such environments for comfort and 

performance should tbe examined. 

. . ]/ 

h\ Heated and cooled^- furniture. Comfort and performance limits when using heated or 
-cooled chairs should be determined. Energy would be ^ved for example by using 
heated furniture and maintaining-fhe surroundings ^CS^ lower than usual tempera- 
* ture.' Increased activity when the person would leave the 'heated chair to move, 
^ around might- offset the additional.-cooling. Many interesting possibilities for 

\ this concept exists. 

\ 5. Enecgy efficiency of controlling the thermal variables independently . At present, 

• \ air temperature appears to be the most practical of th^e four environmental yari- 
\ *abies to control; however the Conditions- under .which it is more energy efficient 

to control mean radiant* temperature, air velocity, or humidity and still maint^ain 
\ . -the same' degree of "comfort'' should be identif^ied. 

, 6. Cold sleep conditions . Research is neyeded to establish limits of acceptable • 
sleepwar6 ahA* bedcovering for comfoVt and health consistent with lower tempera- 
tures for night-time Energy savings. ^ * • \ ^ 

T Instrumentation. A chea^ and simple comfort instrument still remains as a need, 
i* \ ^ 

\ All of the above re search, areas need special attention for children, t^e aged, and 
' the infji^aed for /obvious reasons . • 
\ r - ' » * " * 

It does apx^ar that the several human comfort mathematical models now being employed 
are accurate Enough to be ^practically emplo-yed in many of the research ^areas. Better 

^ . 190 
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* models pe* se do not seem to be high'prlority needs. 

' tentiS'f^re5S^1a;Si^it?:^ett&.Sri^^ '° "^^^ ^° 

acoustical envir^enrbf deslgnef s5 ^hlt ^^^-i ^"""f?^^ exception. Can the visual Ind 
. spac-«7 .The resulting ene^'Svin^^ SSdSnVelr^S? ^. smaller 
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